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> Tue War Department has released and authorized for publication the re- 
port by H. D. Smyth, Chairman of the Department of Physics of Princeton 
University and Consultant to Manhattan District United States Corps of En- 
gineers, entitled “A General Account of the Development of Methods of} 
Using Atomic Energy for Military Purposes Under the Auspices of the United 
States Government 1940-1945,” 

The editors of Cuemistry have found this report so epoch-making that 
they feel they owe it to their readers to devote this, the earliest possible issue 
of the magazine, to quotation of as many excerpts as space will permit. This 
report marks the beginning of our understanding of the realities the Atomic 
Age has in store for peace. Dr. Smyth explains the object of the report in his 

PREFACE 

> Tue uLtiare responsibility for our nation’s policy rests on its citizens and 
they can discharge such responsibilities wisely only if they are informed. The 
average citizen cannot be expected to understand clearly how an atomic bomb 
is constructed or how it works but there is in this country a substantial group 
of engineers and scientific men who can understand such things and who can 
explain the potentialities of atomic bombs to their fellow citizens. The pres- 
ent report is written for this professional group and is a matter-of-fact, general 
account of work in the United States since 1939 aimed at the production of 
such bombs. It is neither a documented official history nor a technical treatise 
for experts. Secrecy requirements have affected both the detailed content an 
general emphasis so that many interesting developments have been omitted. 

References to British and Canadian work are not intended to be complete 
since this is written from the point of view of the activities in this country. 

The writer hopes that this account is substantially accurate, thanks to co- 
operation from all groups in the project; he takes full responsibility for such 
errors as may occur. 
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Hotocaust et Hiroshima after the atomic bomb had found its target. This 
hotograph by the U. S. Army Air Forces was made at an altitude of 25,000 
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A Bomh Fell 


resident of the United States. 


y Harry S. TruMan 


In the words of the following an- 
bouncement from the White House, 
by” August 6, President Truman told 
ie world that, for the first time in 
puman history, the power of atomic 
orces had been used in warfare. The 
‘resident's statement forms a fitting 
mtroduction to the story of the most 
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amazing cooperative research pro- 
gram ever undertaken and the strange 
and in many ways unexpected results 
achieved in the field of chemistry. 

> SIXTEEN HOURS ago an American 
airplane dropped one bomb on Hiro- 
shima, an important Japanese Army 
base. That bomb had more power 
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y Harxy S. TruMan 


In the words of the following an- 
nouncement from the White House, 
n August 6, President Truman told 
he world that, for the first time in 
uman history, the power of atomic 
orces had been used in warfare. The 
resident's statement forms a fitting 
ntroduction to the story of the most 
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amazing cooperative research pro- 
gram ever undertaken and the strange 
and in many ways unexpected results 
achieved in the field of chemistry. 

> SixTEEN HOURS ago an American 
airplane dropped one bomb on Hiro- 
shima, an important Japanese Army 
base. That bomb had more power 
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20,000 tons of T.N.T. It had 
more than two thousand times the 
blast power of the British “Grand 
Slam” which is the largest bomb ever 
yet used in the history of warfare. 


than 


The Japanese began the war from 
the air at Pearl Harbor. They have 
been repaid many fold. And the end 
is not yet. With this bomb we have 
now added a new and revolutionary 
increase in destruction to supplement 
the growing power of our armed 
forces. In their present form these 
bombs are now in production and 
even more powerful forms are in de- 
velopment. 

It is an atomic bomb. It is a har- 
nessing of the basic power of the uni- 
verse. The force from which the sun 
draws its power has been loosed 
against those who brought war to the 
Far East. 


Before 1939, it was the accepted be- 


lief of scientists that it was theo- 
retically possible to release atomic en- 
ergy. But no one knew any practical 
method of doing it. By 1942, how- 
ever, we knew that the Germans were 
working feverishly to find a way to 
add atomic energy to the other en- 
gines of war with which they hoped 
to enslave the world. But they failed. 
We may be grateful to Providence 
that the Germans got the V-l’s and 
the V-2’s late and in limited quanti- 
ties and even more grateful that they 
did not get the atomic bomb at all. 


The battle of the laboratories held 
fateful risks for us as well as the bat- 
tles of the air, land and sea, and we 
have now won the battle of the labo- 
ratories as we have won the other 
battles. 


Beginning in 1940, before Pearl 


Harbor, scientific knowledge useful 
in war was pooled between the United 
States and Great Britain, and many 
priceless helps to our victories have 
come from that arrangement. Unde 
that general policy the research on 
the atomic bomb was begun. With 
American and British scientists work- 
ing together we entered the race of 
discovery against the Germans. 


The United States had available 
the large number of scientists of dis, 
tinction in the many needed areas of 
knowledge. It had the tremendous 
industrial and financial resources ne 
cessary for the project and they could 
be devoted to it without undue im 
pairment of other vital war work. In 
the United States the laboratory work 
and the production plants, on whic 
a substantial start had already been 
made, would be out of reach of enem 
bombing, while at that time Britain 
was exposed to constant air attacl 
and was still threatened with the po 
sibility of invasion. For these reasons 
Prime Minister Churchill and Presi 
dent Roosevelt agreed that it was wise 
to carry on the project here. We now 
have two great plants and many lesser 
works devoted to the production o! 
atomic power. Employment during 
peak construction numbered 125,00) 
and over 65,000 individuals are even 
now engaged in operating the plants 
Many have worked there for two and 
a half years. Few know what the} 
have been producing. They see great 
quantities of material going in ané 
they see nothing coming out of these 
plants, for the physical size of the 
explosive charge is exceedingly small 
We have spent two billion dollars on 
the greatest scientific gamble in his 
tory—and won. 
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But the greatest marvel is not the 
ize of the enterprise, its secrecy, nor 
ts cost, but the achievement of scien- 
inc brains in putting together in- 
nitely complex pieces of knowledge 
eld by many men in different fields 
bf science into a workable plan. And 
hardly less marvellous has been the 
apacity of industry to design, and of 
abor to operate, the machines and 
Mmcthods to do things never done be- 
more so that the brain child of many 
hinds came forth in physical shape 
nd performed as it was supposed to 
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SHanori-La looks like this. Not an idyllic pastoral valley but an ultra-modern 
ower plant is revealed in this photograph released by the War Department. 
This is a general view of the Oak Ridge, Tenn. atomic power project, one of 


secret research was carried on. 


do. Both science and industry worked 
under the direction of the United 
States Army, which achieved a unique 
success in managing so diverse a prob- 
lem in the advancement of knowl- 
edge in an amazingly short time. It 
is doubtful if such another combina- 
tion could be got together in the 
world. What has been done is the 
greatest achievement of organized 
science in history. It was done under 
high pressure and without failure. 


We are now prepared to obliterate 
more rapidly and completely every 
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productive enterprise the Japanese 
have above ground in any city. We 
shall destroy their docks, their fac- 
tories, and their communications. Let 
there be no mistake; we shall com- 
pletely destroy Japan’s power to make 
war. 


It was to spare the Japanese people 
from utter destruction that the ulti- 
matum of July 26 was issued at Pots- 
dam. Their leaders promptly re- 
jected that ultimatum. If they do not 
now accept our terms they may ex- 
pect a rain of ruin from the air, the 
like of which has never been seen on 
this earth. Behind this air attack will 
follow sea and land forces in such 
numbers and power as they have not 
yet seen and with the fighting skill of 
which they are already well aware. 

The Secretary of War, who has 
kept in pe rsonal touch with all phases 
of the project, will immediately make 


public a statement giving further de- 
tails. 


His statement will give facts con- 
cerning the sites at Oak Ridge near 
Knoxville, Tennessee, and at Rich- 
land near Pasco, Washington, and an 
installation near Santa Fe, New Mexi- 
co. Although the workers at the sites 
have been making materials to be 
used in producing the greatest des- 
tructive force in history they have not 
themselves been in danger beyond 
that of many other occupations, for 
the utmost care has been taken of 
their safety. 


The fact that we can release atomic 
energy ushers in a new era in man’s 
understanding of nature’s forces 
Atomic energy may in the future sup- 
plement the power that now comes 
from coal, oil, and falling water, but 
at present it cannot be produced on 2 
basis to compete with them com. 
mercially. Before that comes there 
must be a long period of intensive re- 
search. 


It has never been the habit of the 
scientists of this country or the policy 
of this Government to withhold from 
the world scientific knowledge. Nor- 
mally, therefore, everything about the 
work with atomic energy would kx 
made public. 


But under present circumstances it 
is not intended to divulge the tech 
nical processes of production or al 
the military applications, pending 
further examination of possible meth: 
ods of protecting us and the rest o! 
the world from the danger of sudder 
destruction. 


I shall recommend that the Con 
gress of the United States conside 
promptly the establishment of an aj 
propriate commission to control th 
production and use of atomic powe 
within the United States. I shall give 
further consideration and make fur 
ther recommendations to the Congre 
as to how atomic power can becom 
a powerful and forceful influence tw 
wards the maintenance of 
peace. 


wo rl 


> Acres of diffusion apparatus were required to separate uranium’s active ist 
tope, number 235, from the 99 per cent of number 238 which makes up th 
usual uranium ore. This War Department photograph shows the extent ¢ 
the plant required for such operations at Oak Ridge, Tenn. 
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Self-Propagating Chain Reaction 
From Fission of Uranium Atom 


Atomic Power 






Information necessary to solve the 
problem of how to use atomic power 
was already in the hands of physicists 
and chemists in 1940. The following 
quotation from the Smyth Report 
the steps by which the 
knowledge then available was brought 
together and the probiem stated. In 
the study of uranium fission, it was 
learned that U-238 the 
isotope of uranium, which was not 
he material wanted for production 
of atomic energy, could be induced to 


describes 


commonest 
the 


capture neutrons and change into 
heavier elements. These new elements 
had been previously detected, it is 
by delicate radio-acuve tech- 
niques, but from the viewpoint of 
the chemist they were practically un- 


rue, 








known. How they were virtually 
manufactured to order for atomic dis- 
integration purposes is told in a later 
extract from the report. 


The Need of a Chain Reaction 


> Ovr common sources of power, 
other than sunlight and water power, 
are chemical reactions—usually the 
combustion of coal or oil. They re- 
the result of rear- 
the outer electronic 
the atoms, the same 
kind of process that supplies energy 
to our bodies. Combustion is always 
self-propagating; thus lighting a fire 
with a match releases enough heat to 
ignite the neighboring fuel, which re- 
leases more heat which ignites more 


lease energy as 
rangements of 


structures of 








fuel, and so on. In the nuclear re- 
actions we have described this is not 
generally true; neither the energy re- 
leased nor the new particles formed 
are sufficient to maintain the reaction. 
But we can imagine nuclear reactions 
emitting particles of the same sort 
that initiate them and in sufficient 
numbers to propagate the reaction in 
neighboring nuclei. Such a self-pro- 
pagating reaction is called a “chain 
reaction” and such conditions must 
be achieved if the energy of the nucle- 
ar reactions with which we are con- 
cerned is to be put to large-scale use. 


Period of Speculation 


Although there were no atomic 
power plants built in the thirties, there 
were plenty of discoveries in nuclear 
physics and plenty of speculation. A 
theory was advanced by H. Bethe to 
explain the heat of the sun by a cycle 


of nuclear changes involving carbon, 
hydrogen, nitrogen, and oxygen, and 
leading eventually to the formation 
of helium.* This theory is now gen- 
erally accepted. The discovery of a 


few (n,2n) nuclear reactions (i.e., 
neutron-produced and _neutron-pro- 
ducing reactions) suggested that a 
self-multiplying chain reaction might 
be initiated under the right condi- 
tions. There was much talk of atomic 


* The series of 
lated was 

(1) .C” + .H’ > :N* 

(2) ;N* > .C” + .e° 

(3) .C* + .H’ 

(4) .N“ + .H’ 

(5) ,O* > ,N* 

(6) <:N” + .H’ * + sHe* 
The net effect is the transforma- 
tion of hydrogen into helium and 
positrons (designated as ,e°) and 
the release of about thirty million 
electron volts energy. 


reactions postu- 
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power .and some talk of atomic 
bombs. But the last great step in thi 
preliminary period came after four 
years of stumbling. The effects of 
neutron bombardment of uranium 
the most complex element known 
had been studied by some of the 
ablest physicists. The results werd 
striking but confusing. The story o 
their gradual interpretation is intri 
cate and highly technical, a fascinat: 
ing tale of theory and experiment 
Passing by the earlier inadequate ex 
planations, we shall go directly to th 
final explanation, which, as so ofte 
happens, is relatively simple. 
Discovery of Uranium Fission 
As has already been mentioned, th¢ 
neutron proved to be the most ef 
fective particle for inducing nucle 
changes. This was particularly trug 
for the elements of highest atomid 
number and weight where the larg 
nuclear charge exerts strong repul 
sive forces on deuteron or proton pro 
jectiles but not on uncharged neu 
trons. The results of the bombard: 
ment of uranium by neutrons had 
proved interesting and puzzling. Firs 
studied by Fermi and his colleague: 
in 1934, they were not properly in 
terpreted until several years later. 
On January 16, 1939 Niels Boh 
of Copenhagen, Denmark, arrived i 
this country to spend several month 
in Princeton, N. J., and was particu 
larly anxious to discuss some abstrac 
problems with A. Einstein. (Fou! 
years later Bohr was to escape fro 
Nazi-occupied Denmark in a smal 
boat.) Just before Bohr left Denmar 
two of his colleagues, O. R. Frisc 
and L. Meitner (both refugees from 
Germany), had told him their gues 
that the absorption of a neutron bi 
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> PLutonium by the pound. Here, by the pure cold water of the Columbia 
River, man set out to manufacture a new chemical element so deadly that no 
one could go near it. This War Department photograph shows the plant at 
Hanford, Washington, where all processes are handled through instruments 


by remote control. 


a uranium nucleus sometimes caused 
that nucleus to split into approxi- 
mately equal parts with the release 
of enormous quantities of energy, a 
process that soon began to be called 
nuclear “fission.” The for 
this hypothesis was the important dis- 
covery of O. Hahn and F. Strassmann 
in Germany (published in Naturwis- 
senschaften in early January 1939) 
which proved that an isotope of ba- 


occasion 
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rium was produced by neutron bom- 
bardment of uranium. Immediately 
on arrival in the United States Bohr 
communicated this idea to his form- 
er student J. A. Wheeler and others 
at Princeton, and from them the news 
spread by word of mouth to neighbor- 
ing physicists including E. Fermi at 
Columbia University. As a result of 
conversations between Fermi, J. R. 
Dunning, and G. B. Pegram, a search 
was undertaken at Columbia for the 
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> “Nor sy the devilish inspiration of some warped genius, but by the arduous 
labor of thousands of normal men and women working for the safety of their 


country.” Dr 


. Richard C. Tolman, left, headed the committee to direct tech- 
nical development of nuclear energy along the paths of peace. 


Maj. Gen. L. 


R. Groves, right, in 1942 was placed in charge of all Army activities relating 
to the DSM project, the atomic bomb. By a classic of understatement, adopted 
for security reasons, DSM stands for Development of Substitute Materials. 


heavy pulses of ionization that would 
be expected from the flying frag- 
ments of the uranium nucleus, On 
January 26, 1939 there was a Con- 
ference on Theoretical Physics at 
Washington, D. C., sponsored jointly 
by the George Washington Univer- 
sity and the Carnegie Institution of 
Washington. Fermi left New York 
to attend this meeting before the 
Columbia fission experiments had 
been tried. At the meeting Bohr and 
Fermi discussed the problem of fis- 
sion, and in particular Fermi men- 
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tioned the possibility that neutronsf. 
might be emitted during the process. 
Although this was only a guess, its 
implication of the possibility of a 
chain reaction was obvious. A num- 
ber of sensational articles were pub- 
lished in the press on this subject. Be- 
fore the meeting in Washington was 
over, several other experiments to con, 
firm fission had been initiated, and 
positive experimental confirmationf. 
was reported from four laboratories. 
(Columbia University, Carnegie In; 
stitution of Washington, Johns Hop 
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kins University, University of Cali- 
fornia) in the February 15, 1939 issue 
of the Physical Review. By this time 


Se Bohr had heard that similar experi- 
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ments had been made in his labora- 
tory in Copenhagen about January 
(Letter by Frisch to Nature 
dated January 16, 1939 and appearing 
in the February 18th issue). F. Joliot 
in Paris had also published his first re- 
sults in the Comptes Rendus of Janu- 
ary 30, 1939. From this time on there 
was a steady flow of papers on the 
subject of fission, so that by the time 
(December 6, 1939) Turner wrote a 
review article on the subject in the 
Reviews of Modern Physics nearly 
one hundred papers had appeared. 
Complete analysis and discussion of 
these papers have appeared in Turn- 
er’s article and elsewhere. 
General Discussion of Fission 
Consider the suggestion of Frisch 


and Meitner in the light of the two 


general trends that had been dis- 
covered in nuclear structure:—first, 
that the proportion of neutrons goes 
up with atomic number; second, that 
the binding energy per particle is a 
maximum for the nuclei of inter- 
mediate atomic number. Suppose the 
U-238 nucleus is broken exactly in 
half; then, neglecting the mass of the 
incident neutron, we have two nuclei 
of atomic number 46 and mass num- 


‘Pber 119. But the heaviest stable iso- 


Tope of palladium (Z 


= 46) has a 


qmass number of only 110. Therefore 
fto reach stability each of these imagi- 


trons becoming ,Pd!?" nuclei; 
: ’ § 


nary new nuclei must eject nine neu- 
or 


our neutrons in each nucleus must 


convert themselves to protons by emijt- 


. ting electrons, thereby forming stable 
fin nuclei of mass number 119 and 
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atomic number 50; or a combination 
of such ejections and conversions 
must occur to give some other pair of 
stable nuclei. Actually, as was sug- 
gested by Hahn and Strassmann’s 
identification of barium (Z = 56, A = 
135 to 140) as a product of fission, the 
split occurs in such a way as to pro- 
duce two unequal parts of mass num- 
bers about 140 and 90. with the emis- 
sion of a few neutrons and subsequent 
radioactive decay by electron emis- 
sion until stable nuclei are formed. 
Calculations from binding-energy 
data show that any such rearrange- 
ment gives an aggregate resulting 
mass considerably less than the in- 
itial mass of the uranium nucleus, and 
thus that a great deal of energy must 
be released. 

Evidently, there were three major 
implications of the phenomenon of 
fission: the release of energy, the pro- 
duction of radioactive atomic species 
and the possibility of a neutron chain 
reaction. The energy release might 
reveal itself in kinetic energy of the 
fission fragments and in the subse- 
quent radioactive disintegration of 
the products. The possibility of a 
neutron chain reaction depended on 
whether neutrons were in fact emit- 
ted—a possibility which required in- 
vestigation. 

These were the problems suggested 
by the discovery of fission, the kind 
of problem reported in the journals 
in 1939 and 1940 and since then in- 
vestigated largely in secret. The study 
of the fission process itself, including 
production of neutrons and fast frag- 
ments, has been largely carried out 
by physicists using counters, cloud 
chambers, etc. The study and identi- 
fication of the fission products has 
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been carried out largely by chemists, 
who have had to perform chemical 
separations rapidly even with sub- 
microscopic quantities of material and 
to make repeated determinations of 
the half-lives of unstable isotopes. 
We shall summarize the state of 
knowledge as of June 1940. By that 
time the principal facts about fission 
had been discovered and revealed to 
the scientific world. A chain reac- 
tion had not been obtained, but its 
possibility—at least in principle—was 
clear and several paths that might 
lead to it had been suggested. 


State of Knowledge. June 1940 

All the following information was 
generally known in June 1940, both 
here and abroad: 


(1) That three elements — uranium, 
thorium, and _protoactinium—when 
bombarded by neutrons sometimes 
split into approximately equal frag- 
ments, and that these fragments were 
isotopes of elements in the middle of 
the periodic table, ranging from sele- 
nium (Z = 34) to lanthanum (7 = 
57). 

(2) That most of these fission frag- 
ments were unstable, decaying radio- 
actively by successive emission of beta 
particles through a series of elements 
to various stable forms. 

(3) That these fission fragments had 
very great kinetic energy. 

(4) That fission of thorium and pro- 
toactinium was caused only by fast 
neutrons (velocities of the order of 
thousands of miles per second). 

(5) That fission in uranium could be 
produced by fast or slow (so-called 
thermal-velocity) neutrons; specifical- 
ly, that thermal neutrons caused fis- 
sion in one isotope, U-235, but not in 
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the other, U-238, and that fast neu- 
trons had a lower probability of caus- 
ing fission in U-235 than thermal neu- 
trons, 


(6) That at certain neutron speeds 
there was a large capture cross sec. 
tion in U-238 producing U-239 but 
not fission. 

(7) That the energy released per 
fission of a uranium nucleus was ap- 
proximately 200 million electron volts. 
(8) That high speed neutrons were 
emitted in the process of fission. 


(9) That the average number of neu- 
trons released per fission was some- 
where between one and three. 

(10) That high-speed neutrons could 
lose energy by inelastic collision with 
uranium nuclei without any nuclear 
reaction taking place. 

(11) That most of this information 
was consistent with the semi-empiri- 
cal theory of nuclear structure worked 
out by Bohr and Wheeler and others; 
this suggested that predictions based 
on this theory had a fair chance of 
success. 


Suggestion of 
Plutonium Fission 

It was realized that radiative cap- 
ture of neutrons by U-238 would prob- 
ably lead by two successive beta-ray 
emissions to the formation of a nu- 
cleus for which Z = 94 and A = 2339. 
Consideration of the Bohr-Wheeler 
theory of fission and of certain em- 
pirical relations among the nuclei by 
L. A. Turner and others suggested 
that this nucleus would be a fairly 
stable alpha emitter and would prob- 
ably undergo fission when bombard- 
ed by thermal neutrons. Later the im- 
portance of such thermal fission to the 
maintenance of the chain reaction was 
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1eu- B present knowledge and notation the elements produced by nuclear reac- 
particular reaction suggested is as fol- tions. Isotope masses had been meas- 
eeds § lows: ured accurately. Neutron-capture cross 
sec- B 92U*95+ yn! >9,U759>9,Np*"*+_,e" sections had been measured. Methods 
but ys Np*8°>9,Pu**°+—,e" of slowing down neutrons had been 
where Np and Pu are the chemical developed. Physiological effects of 
per J symbols now used for the two new neutrons had been observed; they had 
$ ap- elements, neptunium and plutonium; ¢ven been tried in the treatment of 
volts. | on' represents the neutron, and -,e® cancer. All such information was 
were [represents an ordinary (negative) generally available; but it was very in- 
electron. Plutonium 239 is the nu- complete. There were many gaps and 
neu- § cleus rightly guessed to be fissionable many inaccuracies. The techniques 
ome- § by thermal neutrons. It will be dis- were difficult and the quantities of 
cussed fully in later chapters. materials available were often sub- 
could | General State of microscopic. Although the funda- 
with § Nuclear Physics mental principles were clear, the 
iclear § By 1940 nuclear reactions had been theory was full of unverified assump- 
intensively studied for over ten years. ‘ons and calculations were hard to 
tation § S¢veral books and review articles on make. Predictions made in 1940 by 
npiri- nuclear physics had been published. different physicists of equally high 
orked § New techniques had been developed ability were often at variance. The 
thers: {or producing and controlling nuclear subject was in all-too-many respects an 
based @ Projectiles, for studying artificial ra- art, rather than a science. 
ice of 
Choice of Element 94 
€ cap’ §> Since the first report of the Na- therefore presumably behaves like 
| prob-Btional Academy of Sciences Commit- uranium 235. 
cta-ray tee on Atomic Fission, an extremely It appears accordingly that, if a 
= 739 pimbortane new Possibility “has betn chain reaction with unseparated iso- 
/heeler chain reaction 00 cienenel io Sea _—- ly fogs —— 
in eM Btopes of uranium. Experiments in the 7 nee Cee eS eee 
clei by Radiation Laboratory of the Univer- fn at Ce ne ne 
sgestedMsity of California have indicated (a) facturing element 94 in substantial 
"fairly that element 94 is formed as a re- MOUNTS. _ mae we waylnn 
J prob- sult of capture of a neutron by ura- a ooo ane 
mbard-Bnium 238 followed by two successive bon pecan " Ce cian 
. a 7 of uranium 235 for chain reaction 
the im Bbeta-transformations, and furthermore sectainns 
1 to theli(b) that this transuranic element P'*POSS: 
ion WaSBundergoes slow neutron fission and “Fall aes See ae 
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Fission Produces New Neutrons 


Which Start Chain Reaction 


The Production Problem 


In 1940 it was possible to state the 
theoretical conditions under which 
one explosion of atomic energy might 
set off another. No one knew whether 
these’ conditions would be realized, 
nor what the result would be. How 
such problems were worked out ts 
told in this chapter of the Smyth 
Report. 


> From THE TIME of the first discovery 
of the large amounts of energy re- 
leased in nuclear reactions to the time 
of the discovery of uranium fission, 
the idea of atomic power or even 
atomic bombs was discussed off and 
on in scientific circles. The discovery 
of fission made this talk seem much 
less speculative, but realization of 
atomic power still seemed in the dis- 
tant future and there was an instinc- 
tive feeling among many scientists 
that it might not, in fact, ever be rea- 
lized. During 1939 and 1940 many 
public statements, some of them by 
responsible scientists, called attention 
to the enormous energy available in 
uranium for explosives and for con- 
trolled power, so that U-235 became a 
familiar by-word indicating great 
things to come. The possible military 
importance of uranium fission was 
called to the attention of the govern- 
ment, and in a conference with rep- 
resentatives of the Navy Department 
in March 1939 Fermi suggested the 
possibility of achieving a controllable 
reaction using slow neutrons or a re- 
action of an explosive character using 
fast neutrons. He pointed out, how- 
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ever, that the data then available 
might be insufficient for accurate pre- 
dictions. 

By the summer of 1940 it was pos- 
sible to formulate the problem fairl) 
clearly, although it was still far from 
possible to answer the various ques- 
tions involved or even to decide 
whether a chain reaction ever could 
be obtained. In this chapter we shall 
give a statement of the problem in its 
entirety. For purposes of clarification 
we may make use of some knowledge 
which actually was not acquired until 
a later date. 

The Chain-Reaction Problem 

The principle of operation of an 
atomic bomb or power plant utilizing 
uranium fission is simple enough. If 
one neutron causes a fission that pro 
duces more than one new neutron, 
the number of fissions may increase 
tremendously with the release of 
enormous amounts of energy. It is a 
question of probabilities. Neutrons 
produced in the fission process maj 
escape entirely from the uraniuin, 
may be captured by uranium in 2 
process not resulting in fission, or maj 
be captured by an impurity. Thus the 
question of whether a chain reaction 
does or does not go depends on the 
result of a competition among four 
processes: 

(1) escape, 

(2) non-fission capture by ura- 

nium, 

(3) non-fission capture by im- 
purities, 

(4) fission capture. 
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It the loss of neutrons by the first 
three processes is less than the sur- 
plus produced by the fourth, the chain 
reaction occurs; otherwise it does not. 
Evidently any one of the first three 
processes may have such a high prob- 
ability in a given arrangement that 
the extra neutrons created by fission 
will be insufficient to keep the reac- 
tion going. For example, should it 
turn out that process (2)—non-fission 
capture by uranium—has a much 
higher probability than fission cap- 
ture, there would presumably be no 
possibility of achieving a chain re- 
action. 
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ation An additional complication is that 
edge § natural uranium contains three iso- 
until § topes: U-234, U-235, and U-238, pres- 
ent to the extent of approximately 
m § 0.006, 0.7, and 99.3 per cent, respec- 
f anf tively. We have already seen that the 
1Z1N§ § probabilities of processes (2) and (4) 
sh. Ith are different for different isotopes. We 
[ pro B have also seen that the probabilities 
1tron,@ are different for neutrons of different 
crease & energies. 
s¢ O18 §=We shall now consider the limita- 
1S 2itions imposed by the first three pro- 
utrons cesses and how their effects can be 
sma) § minimized. 
in1UI" BE Critical Size 
| 1n 4 The relative number of neutrons 
or Ma) Bwhich escape from a quantity of ura- 
wus thtnium can be minimized by changing 
cacloMithe size and shape. In a sphere any 
on thtBurface effect is proportional to the 
g four square of the radius, and any volume 
flect is proportional to the cube of 
he radius. Now the escape of neu- 
“ra: Brons from a quantity of uranium is 
— surface effect depending on the 






prea of the surface, but fission capture 
pccurs throughout the material and is 
herefore a volume effect. Conse- 









quently the greater the amount of 
uranium, the less probable it is that 
neutron escape will predominate over 
fission capture and prevent a chain 
reaction. Loss ot neutrons by non- 
fission capture is a volume effect like 
neutron production by fission capture, 
so that increase in size makes no 
change in its relative importance. 

The critical size of a device contain- 
ing uranium is defined as the size 
for which the production of free neu- 
trons by fission is just equal to their 
loss by escape and by non-fission cap- 
ture. In other words, if the size is 
smaller than critical, then—by defi- 
nition—no chain reaction will sus- 
tain itself. In principle it was possible 
in 1940 to calculate the critical size, 
but in practice the uncertainty of the 
constants involved was so great that 
the various estimates differed widely. 
It seemed not improbable that the 
critical size might be too large for 
practical purposes. Even now esti- 
mates for untried arrangements vary 
somewhat from time to time as new 
information becomes available. 
Use of a Moderator 

In Chapter I* we said that thermal 
neutrons have the highest probability 
of producing fission of U-235 but we 
also said that the neutrons emitted in 
the process of fission had high speeds. 
Evidently it was an oversimplification 
to say that the chain reaction might 
maintain itself if more neutrons were 
created by fission than were absorbed. 
For the probability both of fission 
capture and of non-fission capture 
depends on the speed of the neu- 
trons. Unfortunately, the speed at 
which non-fission capture is most 
probable is intermediate between the 


* See page 10. 
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average speed of neutrons emitted in 
the fission process and the speed at 
which fission capture is most prob- 


able. 


For some years before the discovery 
of fission, the customary way of slow- 
ing down neutrons was to cause them 
to pass through material of low 
atomic weight, such as hydrogenous 
material. It was E. Fermi and L. 
Szilard who proposed the use of gra- 
phite as a moderator for a chain re- 
action. The process of slowing down 
or moderation is simply one of elastic 
collisions between high-speed _parti- 
cles and particles practicaliy at rest. 
The mere nearly identical the masses 
of neutren and struck particle the 
greater the loss of kinetic energy by 
the neutron. Therefore the light ele- 
ments are most effective as “modera- 
tors,” i.c., slowing down agents, for 
neutrons. 


It occurred to a number of physi- 
cists that it might be possible to mix 
uranium with a moderator in such a 
way that the high-speed fission neu- 
trons, after being ejected from ura- 
nium and before re-encountering 


uranium nuclei, would have their 
speeds reduced below the speeds for 
which non-fission capture is highly 
probable. Evidently the characteris- 
tics of a good moderator are that it 
should be of low atomic weight and 
that it should have little or no ten- 
dency to absorb neutrons. Lithium 
and boron are excluded on the latter 
count. Helium is difficult to use be- 
cause it is a gas and forms no com- 
pounds. The choice of moderator 
therefore lay between hydrogen, deu- 
terium, beryllium, and carbon. Even 
now no one of these substances can be 
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excluded from the list of practical 
possibilities. 
Use of a Lattice 

The general scheme of using a 
moderator mixed with the uranium 
was pretty obvious. A specific man- 
ner of using a moderator was first 
suggested in this country, so far as we 
can discover, by Fermi and Szilard. 
The idea was to use lumps of ura- 
nium of considerable size imbedded 
in a matrix of moderator material. 
Such a lattice can be shown to have 
real advantages over a homogencous 
mixture. As the constants were more 
accurately determined, it became pos- 
sible to calculate theoretically the type 
of lattice that would be most effective. 
Isotope Separation 

In Chapter I* it was stated that for 
neutrons of certain intermediate 
speeds (corresponding to energies of 
a few electron volts) U-238 has a 
large capture cross section for the 
production of U-239 but not for fis 
sion. There is also a considerable 
probability of inelastic (i., non- 
capture-producing) collisions between 
high-speed neutrons and U-238 nuclei. 
Thus the presence of the U-238 tends 
both to reduce the speed of the fast 
neutrons and to effect the capture of 
those of moderate speed. Althoug 
there may be some non-fission cap 
ture by U-235, it is evident that i 
we can separate the U-235 from th 
U-238 and discard the U-238, we ca 
reduce non-fission capture and ca 
thus promote the chain reaction. | 
fact, the probability of fission of U 
235 by high-speed neutrons may 
great enough to make the use of 
moderator unnecessary once the U 
238 has been removed. Unfortunate, 


* See page 10. 
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ly, U-235 is present in natural ura- 
nium only to the extent of about one 
part in 140. Also, the relatively small 
difference in mass between the two 
isotopes makes separation difficult. In 
fact, in 1940 no large-scale separation 
of isotopes had ever “been achieved 
except for hydrogen, whose two iso- 
topes differ in mass by a factor of 
two. Nevertheless, the possibility of 
separating U-235 was recognized early 
as being of the greatest importance, 
and such separation has, in fact, been 
one of the two major lines of Project 
effort during the past five years. 


Purification of Materials 

It has been stated above that the 
cross section for capture of neutrons 
varies greatly among different ma- 
terials. In some it is very high com- 
pared to the maximum fission cross 
section of uranium. If, then, we are 
to hope to achieve a chain reaction, 
we must reduce effect (3)—non-fis- 
sion capture by impurities—to the 
point where it is not serious. This 
means very careful purification of the 
uranium metal and very careful puri- 
the moderator. Calcula- 
tions show that the maximum per- 
missible concentrations of many im- 
purity elements are a few parts per 
million—in either the uranium or the 
moderator. When it is recalled that 
ip to 1940 the total amount of ura- 
nium metal produced in this country 
vas not more than a-few grams (and 
ven this was of doubtful purity), 
hat the total amount of metallic 
ryllium produced in this country 
was not more than a few pounds, that 
he total amount of concentrated deu- 


erium produced was not more than 


few pounds, and that carbon had 
ever been produced in quantity with 
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anything like the purity required of 
a moderator, it is clear that the prob- 
lem of producing and purifying ma- 
terials was a major one. 


Control of the Chain Reaction 

The problems that have been dis- 
cussed so far have to do merely with 
the realization of the chain reaction. 
If such a reaction is going to be of 
use, we must be able to control it. The 
problem of control is different de- 
pending on whether we are interested 
in steady production of power or in 
an explosion. In general, the steady 
production of atomic power requires 
a slow-neutron-induced fission chain 
reaction occurring in a mixture or lat- 
tice of uranium and moderator, while 
an atomic bomb requires a fast-neu- 
tron-induced fission chain reaction in 
U-235 or Pu-239, although both slow- 
and fast-neutron fission may contri- 
bute in each case. It seemed likely, 
even in 1940, that by using neutron 
absorbers a power chain reaction could 
be controlled. It was also considered 
likely, though not certain, that such 
a chain reaction would be self-limit- 
ing by virtue of the lower probability 
of fission-producing capture when a 
higher temperature was reached. 
Nevertheless, there was a_ possibility 
that a chain-reacting system might 
get out of control, and it therefore 
seemed necessary to perform the 
chain-reaction experiment in an un- 
inhabited location. 
Practical Application 

Up to this point we have been dis- 
cussing how to produce and control 
a nuclear chain reaction but not how 
to make use of it. The technological 
gap between producing a controlled 
chain reaction and using it as a large- 
scale power source or an explosive is 
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comparable to the gap between the 
discovery of fire and the manufacture 
of a steam locomotive. 


Although production of power has 
never been the principal object of 
this project, enough attention has 
been given to the matter to reveal the 
major difficulty: the attainment of 
high-temperature operation. An ef- 
fective heat engine must not only de- 
velop heat but must develop heat at 
a high temperature. To run a chain- 
reacting system at a high temperature 
and to convert the heat generated to 
useful work is very much more dif- 
ficult than to run a chain-reacting sys- 
tem at a low temperature. 

Of course, the proof that a chain 
reaction is possible does not itself in- 
sure that nuclear energy can be ef- 
fective in a bomb. To have an ef- 
fective explosion it is necessary that 


the chain reaction build up extremely 


rapidly; otherwise only a_ small 
amount of the nuclear energy will be 
utilized before the bomb flies apart 
and the reaction stops. It is also ne- 
cessary that no premature explosion 
occur. This entire “detonation” prob- 
lem was and still. remains one of the 
most difficult problems in designing a 
high-efficiency atomic bomb. 
Possibility of 
Using Plutonium 

So far, all our discussion has been 
primarily concerned with the use of 
uranium itself. We have already 
mentioned the suggestion that the 
element of atomic number 94 and 
mass 239, commonly referred to as 
plutonium, might be very effective. 
Actually, we now believe it to be of 
value comparable to pure U-235. We 
have mentioned the difficulty of sep- 
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arating U-235 from the more abun- 
dant isotope U-238. These two 
isotopes are, of course, chemically 
identical. But plutonium, although 
produced from U-238, is a different 
chemical element. Therefore, if a 
process could be worked out for con- 
verting some of the U-238 to plu 
tonium, a chemical separation of the 
plutonium from uranium might prove 
more practicable than the isotopic 
separation of U-235 from U-238. 

Suppose that we have set up a con- 
trollable chain reaction in a lattice 
of natural uranium and a moderator 
—say carbon, in the form of graphite 
Then as the chain reaction proceeds, 
neutrons are emitted in the process of 
fission of the U-235 and many of 
these neutrons are absorbed by U-238. 
This produces U-239, each atom of 
which then emits a beta particle, be 
coming neptunium (9;Np***). Nep 
tunium, in turn, emits another bets 
particle, becoming plutonium 
(y4Pu*™), which emits an alpha parti 
cle, decaying again to U-235, but 
slowly that in effect it is a stable ele 
ment. If, after the reaction has be 
allowed to proceed for a considerabl 
time, the mixture of metals is remov 
ed, it may be possible to extract th4 
plutonium by chemical methods and 
purify it for use in a subsequent fi 
sion chain reaction of an explosiv 
nature. 
Combined Effects 

Three ways of increasing the lik 
lihood of a chain reaction have be 
mentioned: use of a moderator; a 
tainment of high purity of materials 
use of special material, either U-2 
or Pu. The three procedures are ne 
mutually exclusive, and many sche 
have been proposed for using sm: 
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amounts of separated U-235 or Pu-239 
in a lattice composed primarily of 
ordinary uranium or uranium oxide 
and of a moderator or two different 
moderators. Such proposed arrange- 
ments are usually called “enriched 
piles.” 


Use of Other Material 

All our previous discussion has 
centered on the direct or indirect use 
of uranium, but it was known that 
both thorium and protoactinium also 
underwent fission when bombarded 
by high-speed neutrons. The great ad- 
vantage of uranium, at least for pre- 
liminary work, was its susceptibility 
to slow neutrons. There was not very 
much consideration given to the other 
two substances. Protoactinium can be 
eliminated because of its scarcity in 
nature. Thorium is relatively plenti- 
ful but has no apparent advantage 
over uranium. 

It is not to be forgotten that theo- 
retically many nuclear reactions might 
be used to release tnergy. At present 


Materials 


How to provide materials in quan- 
tities never before dreamed of, in 
grades of purity never before at- 
tempted on such a scale, for processes 
for which there was no precedent, was 
only one of the problems confronting 
the research group: How they sur- 
veyed this field is told in the follow- 
ing extract. 
> Esrmates of the composition of the 
earth’s crust show uranium and tho- 
rium both present in considerable 
quantities (about 4 parts per million 
of uranium and 12 parts per million 
of thorium in the earth’s crust), De- 
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we see no way of initiating or con- 
trolling reactions other than those in- 
volving fission, but some such syn- 
thesis as has already been mentioned 
as a source of solar energy may even- 
tually be produced in the laboratory. 
Amounts of Materials 

Obviously it was impossible in the 
summer of 1940 to make more than 
guesses as to what amounts of ma- 
terials would be needed to produce: 

(1) a chain reaction with use of 
a moderator; 

(2) a chain-reaction bomb in 
pure, or at least enriched, 
U-235 or plutonium. 

A figure of one to one hundred kilo- 
grams of U-235 was commonly given 
at this time for the critical size of a 
bomb. This would, of course, have to 
be separated from at least 140 times 
as much natural uranium. For a slow- 
neutron chain reaction using a mod- 
erator and unseparated uranium it 
was almost certain that tons of metal 
and of moderator would be required. 


and Costs 


posits of uranium ore are known to 
exist in Colorado, in the Great Bear 
Lake region of northern Canada, in 
Joachimstal in Czechoslovakia, and in 
the Belgian Congo. Many other de- 
posits of uranium ore are known, but 
their extent is in many cases unex- 
plored. Uranium is always found with 
radium although in much larger 
quantity. Both are often found with 
vanadium ores. Small quantities of 
uranium oxide have been used for 
many years in the ceramics industry. 

Thorium is also rather widely dis- 
tributed, occurring as thorium oxide 
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in fairly high concentration in mona- 
zite sands found to some extent in 
this country but particularly in Bra- 
zil and in British India. 

Early rough estimates, which are 
probably optimistic, were that the nu- 
clear energy available in known de- 
posits of uranium was adequate to 
supply the total power needs of this 
country for 200 years (assuming utili- 
zation of U-238 as well as U-235). 

As has already been mentioned, lit- 
tle or no uranium metal had been 
produced up to 1940 and information 
was so scant that even the melting 
point was not known. (For example, 
the Handbook of Physics and Chem- 
istry for 1943-1944 says only that the 
melting point is below 1850°C where- 
as we now know it to be in the 
neighborhood of 1150°.) Evidently, 
as far as uranium was concerned, 
there was no insurmountable dif- 
ficulty as regards obtaining raw ma- 
terials or producing the metal, but 
there were very grave questions as to 
how long it would take and how 
much it would cost to produce the 
necessary quantities of pure metal. 

Of the materials mentioned above 
as being suitable for moderators, deu- 
terium had the most obvious ad- 
vantages. It is present in ogdinary 
hydrogen to the extent of about one 
part in 5000. By 1940 a number of 
different methods for separating it 
from hydrogen had been developed, 
and a few liters had been produced in 
this country for experimental pur- 
poses. The only large-scale produc- 
tion had been in a Norwegian plant, 
from which several hundred liters ot 
heavy water (D,O, deuterium oxide) 
had come. As in the case of uranium, 
the problem was one of cost and time. 
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Beryllium in the form of beryllium 
silicates is widely found but only in 
small quantities of ore. Its use as an 
alloying agent has become general in 
the last few years; for such use, how- 
ever, it is not necessary to produce the 
beryllium in metallic form. In 1940 
only 700 pounds of the, metal were 
produced in this country. 

As far as carbon was concerned, the 

situation was obviously quite differ- 
nt. There were many hundreds of 
tons of graphite produced every year 
in this country. This was one of the 
reasons why graphite looked very de- 
sirable as a moderator. The diff- 
culties lay in obtaining sufficient 
quantities of graphite of the required 
purity, particularly in view of the 
expanding needs of war industry. 


Time and Cost Estimates 
Requirements of time and money 
depended not only on many unknown 
scientific and technological factors 
but also on policy decisions. Evidently 
years of time and millions of dollars 
might be required to achieve the ulti- 
mate objective. About all that was 
attempted at this time was making 
estimates as to how long it would 
take and how much it would cost to 
clarify the scientific and technological 
prospects. It looked as if it would 
not be a very great undertaking to 
carry along the development of the 
thermal-neutron chain reaction in a 
graphite-uranium lattice to the point 
of finding out whether the reaction 
would in fact go. Estimates made at 
the time were that approximately a 
year and $100,000 would be required 
to get an answer. These estimates ap- 
plied to a chain-reacting system of 
very low power without a cooling sys- 
tem or any means for using the en- 


‘ergy released. 
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Method of Approach 

There were two ways of attacking 
the problem. One was to conduct 
elaborate series of accurate physical 
measurements on absorption cross sec- 
tions of various materials for various 
neutron-induced processes and various 
neutron energies. Once such data 
were available, calculations as to what 
might be done in the way of a chain 
reaction could be made with fair ac- 
curacy. The other approach was the 
purely empirical one of mixing ura- 
nium or uranium compounds in vari- 
ous ways with various moderators 
and observing what happened. Simi- 
lar extremes of method were possible 
in the case of the isotope-separation 
problem. Actually an intermediate or 
compromise approach was adopted ‘in 
both cases. 


Power vs. Bomb 

The expected military advantages 
of uranium bombs were far more 
spectacular than those of a uranium 
power plant. It was conceivable that 
a few uranium bombs might be de- 
cisive in winning the war for the side 
first putting them into use. Such 
thoughts were very much in the 
minds of those working in this field, 
but the attainment of a slow-neutron 
chain reaction seemed a necessary pre- 
liminary step in the development of 
our knowledge and became the first 
objective of the group interested in 
the problem. This also seemed an im- 
portant step in convincing military 
authorities and the more skeptical 
scientists that the whole notion was 
not a pipe dream. Partly for these 
reasons and partly because of the 
extreme secrecy imposed about this 
time, the idea of an atomic bomb does 
not appear much in the’ records be- 
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tween the summer of 1940 and the 
fail of 1941. 
Military Usefulness 

If all the atoms in a kilogram of 
U-235 undergo fission, the energy re- 
leased is equivalent to the energy re- 
leased in the explosion of about 20,000 
short tons of TNT. If the critical size 
ot a bomb turns out to be practical 
—say, in the range of one to one 
hundred kilograms—and all the other 
problems can be solved, there remain 
two questions. First, how large a per- 
centage of the fissionable nuclei can 
be made to undergo fission before the 
reaction stops; i.¢., what is the efh- 
ciency of the explosion? Second, 
what is the effect of so concentrated a 
release of energy? Even if only 1 per- 
cent of the theoretically available en- 
ergy is released, the explosion will 
still be of a totally different order of 
magnitude from that produced by 
any previously known type of bomb. 
The value of such a bomb was thus a 
question for military experts to con- 
sider very carefully. 
Summary 

It has been established (1) that ura- 
nium fission did occur with release of 
great amounts of energy; and (2) that 
in the process extra neutrons were set 
free which might start a chain reac- 
tion. It was not contrary to any 
known principle that such a reaction 
should take place and that it should 
have very important military applica- 
tion as a bomb. However, the idea 
was revolutionary and therefore sus- 
pect; it was certain that many tech- 
nical operations of great difficulty 
would have to be worked out before 
such a bomb could be produced. Prob- 
ably the only materials satisfactory 
for a bomb were either U-235, which 


19 





would have to be separated from the 
140-+times more abundant isotope U- 
238, or Pu-239, an isotope of the 
hitherto unknown element _pluto- 
nium, which would have to be gen- 
erated by a controlled chain-reacting 
process itself hitherto unknown. To 
achieve such a controlled chain reac- 
tion it was clear that uranium metal 
and heavy water or beryllium or car- 
bon might have to be produced in 
great quantity with high purity. Once 
bomb material was produced a pro- 
cess would have to be developed for 
using it safely and effectively. In some 
of the processes, health hazards of a 


Would the Chain Reaction Go 
Under Any Circumstances? 


new kind would be encountered. 


Policy Problem 


By the summer of 1940 the Na 
tional Defense Research Committe 
had been formed and was asking 
many of the scientists in the country 
to work on various urgent military 
problems. Scientific personnel was 


limited (although this was not fully 
realized at the time). It was, there- 
fore, really difficult to decide at what 
rate work should be carried forward 
on an atomic bomb. The decision had 
to be reviewed at frequent intervals 
during the subsequent four years. 


How To Split an Atom 


Three primary questions needing 
to be solved before the use of atomic 
power could be considered were: (1) 
Could any circumstances be found 
under which the chain reaction would 
go? (2) Could the isotope U-235 be 
separated on a large scale? (3) Could 
moderator and other materials be ob- 
tained in sufficient purity and quan- 
tity? Experiments designed to an- 
swer these questions were undertaken 
in 194041. This quotation from the 
Smyth Report tells of their success. 
> In June 1940, nearly all work on 
the chain reaction was concentrated 
at Columbia under the general leader- 
ship of Pegram, with Fermi and Szil- 
ard in immediate charge. It had been 
concluded that the most-easily pro- 
duced chain reaction was probably 
that depending on thermal neutron 
fission in a heterogeneous mixture of 
graphite and uranium. In the spring 
of 1940 Fermi, Szilard and H. L. An- 
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derson had improved the accuracy of 
measurements of the capture cross sec- 
tion of carbon for neutrons, of the 
resonance (intermediate-speed) ab 
sorption of neutrons by U-238, and 
of the slowing down of neutrons in 
carbon. 

Pegram, in a memorandum to 
Briggs on August 14, 1940, wrote, “li 
is not very easy to measure thes 
quantities with accuracy without the 
use of large quantities of material. 
The net results of these experiments 
in the spring of 1940 were that the 
possibility of the chain reaction wai 
not definitely proven, while it was 
still further from being definitely dis} 
proven. On the whole, the indica, 
tions were more favorable than anj 
conclusions that could fairly hav 
been claimed from previous results. 

At a meeting on June 15th thes 
results were discussed and it wai 
recommended that (A) further mea 
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urements be made on nuclear con- 
stants, and (B) experiments be made 
on lattices of uranium and carbon 
containing amounts of uranium from 
one fifth to one quarter the estimated 
critical amounts. 
Progress up to Feb. 15, 1941 
Pegram’s report of February 15, 
1941 shows that most of the work 
done up to that time was done cit 
(A), while (B), the so-called inter- 
mediate experiment, was delayed by 
lack of materials. 
Paraphrasing Pegram’s report, the 
main progress was as follows: 
(a) The slowing down of neutrons 
in graphite was investigated by 


studying the intensity of activation of 
various detectors (rhodium, indium, 
hodine) placed at various positions in- 
ide a rectangular graphite column of 
imensions 3 x 3 x 8 feet when a 
wurce of neutrons was placed therein. 


3y suitable choice of cadmium screens 
he effects of resonance and thermal 
eutrons were investigated separate- 
y.* A mathematical analysis, based 
on diffusion theory. of the experi- 
ental data made it possible to pre- 
ict the results to he expected in 
arious other arrangements. These 
esults, coupled with theoretical stu- 


*The presence of neutrons can be 
fetected by ionization chambers or 
ounters or by the artificial radioactivity 
nduced in various metal foils. The re- 
ponse of each of these detectors de- 
pends on the particular characteristics of 
he detector and on the speed of the 

neutrons of about 1.5 


p . Thus measurements with 
lifferent detectors with or without vari- 
us absorbers give some indication of 
both the number of neutrons present 
nd their energy distribution. However, 
e state of the art of such measure- 
ents is rather crude. 
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dies of the diffusion of thermal neu- 
trons, laid a basis for future calcula- 
tions of the number of thermal and 
resonance neutrons to be found at 
any point in a graphite mass of given 
shape when a given neutron source is 
placed at a specified position within 
or near the graphite. 
(b) The number of neutrons emitted 
im fisson. The experiments on slow- 
ing down neutrons showed that high- 
energy (high-speed) neutrons such as 
those from fission were practically all 
reduced to thermal energies (low 
speeds) after passing through 40 cm 
or more of graphite. A piece of ura- 
nium placed in a region where ther- 
mal neutrons are present absorbs the 
thermal neutrons and—as fission oc- 
curs—re-emits fast neutrons, which 
are easily distinguished from the 
thermal neutrons. By a series of 
measurements with and without ura- 
nium present and with various de- 
tectors and absorbers, it is possible to 
get a value for the constant », the 
number of neutrons emitted per 
thermal neutron absorbed by ura- 
nium. This is not the number of 
neutrons emitted per fission, but is 
somewhat smaller than that number 
since not every absorption causes fis- 
sion. 
(c) Lattice theory. Extensive calcu- 
lations were made on the probable 
number of neutrons escaping from 
lattices of various designs and sizes. 
This was fundamental for the so- 
called intermediate experiment, men- 
tioned above as item (B). 
Initiation of New Programs 
Early in 1941 interest in the gen- 
eral chain-reaction problem by indi- 
viduals at Princeton, Chicago, and 
California led to the approval of cer- 
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tain projects at those institutions. 
Thereafter the work of these groups 
was coordinated with the work at 
Columbia, forming parts of a single 
large program. 

Work on Resonance 
Absorption* 

In Chapter IIt it is stated that there 
were advantages in a lattice structure 
or “pile” with uranium concentrated 
in lumps regularly distributed in a 
matrix of moderator. This was the 
system on which the Columbia group 
was working. As is so often the case. 
the fundamentai idea is a simple one. 
If the uranium and the moderator 
are mixed homogeneously, the neu- 
trons on the average will lose energy 
in small steps between passages 


through the uranium so that in the 
course of their reduction to thermal 
velocity the chance of their passing 
through uranium at any given velo- 


city, ¢.g., at a velocity corresponding 
to resonance absorption, is great. But, 
if the uranium is in large lumps 
spaced at large intervals in the mod- 
ciator, the amounts of energy lost by 
neutrons between passages trom one 
lump of uranium to another will be 
large and the chance of their reaching 
a uranium lump with energy just 
equal to the energy of resonance ab- 
sorption is relatively small. Thus the 
chance of absorption by U-238 to pro- 
duce U-239, comipared to the chance 


* The term “resonance absorption” is 
used to describe the very strong absorp- 
tion of neutrons by U-238 when the neu- 
tron energies are in certain definite pro- 
portions of the energy region from 0 to 
1000 electron volts. Such resonance ab- 
sorption demonstrates the existence of 
nuclear energy levels at corresponding 
energies. On some occasions the term 
resonance absorption is used to refer 
to the whole energy region in the neigh- 
borhood of such levels. 

+ See page 14. 


of absorption as thermal neutrons tw 
cause fission, may be reduced sut- 
ficiently to allow a chain reaction to 
take place. If one knew the exact 
values of the cross sections of each 
uranium isotope for each type of ab- 


sorption and every range of neutron} 


speed, and had similar knowledge for 
the moderator, one could calculate the 
“optimum lattice,” i.e., the best size, 
shape and spacing for the lumps oi 
uranium in the matrix of moderator. 
Since such data were only partially 
known, a direct experimental ap 
proach appeared to be in order. Con: 
sequently it was proposed that the 
absorption of neutrons by uranium 
should be measured under conditions 
similar to those expected in a chain- 
reacting pile employing graphite a 
moderato . 


Experiments of this type were in 
itiated at Columbia, and were con: 
tinued at Princeton in February 1941. 
Essentially the experiment consisted 
of studying the absorption of nev 
trons in the energy range extending 
from a few thousand electron volt 
down to a fraction of an electron 
volt (thermal energies), the absor 
tion taking place in different layers 0 
uranium or uranium oxide sphere 


embedded in a pile of graphite. 


In these experiments, a source 4 
neutrons was provided by a beam 6 
protons (accelerated by a cyclotron! 
impinging in a beryllium target. (‘Th4 
resulting yield of neutrons was equi 
valent to the yield from a radiu 
beryllium source of about 3500 curi 
strength.) The ‘neutrons thus produ 
ed had a wide. continuous, velocit 
distribution. They proceeded fror 
this source into a large block of gr 
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phite. By placing the various ura- 
nium or uranium-oxide spheres inside 
the graphite block at various positions 
representing increasing distances from 
the source, absorption of neutrons of 
decreasing average speeds down to 
thermal speeds was studied. It was 
found that the total absorption of 
neutrons by such spheres could be ex- 
pressed in terms of a “surface” ef- 
fect and a “mass” effect. 

These experiments, involving a 
variety of sphere sizes, densities, and 
positions were continued until the 
spring of 1942, when most of the 
group was moved to Chicago. Similar 
experiments performed at a later date 
at the University of Indiana by A. C. 
G. Mitchell and his co-workers have 
verified and in some cases corrected 
the Princeton data, but the Prince- 
ton data were sufficiently accurate by 
the summer of 1941 to be used in 
planning the intermediate-pile experi- 
ments and the subsequent experi- 
ments on operating piles. 

The experimental work on reso- 
nance absorption at Princeton was 
done by R. R. Wilson, E. C. Creutz, 
and their collaborators, under the 
general leadership of H. D. Smyth; 
they benefited from the constant help 
of Wigner and Wheeler and fre- 
quent conferences with the Columbia 
group. 

First Intermediate 
Experiments 

About July 1941 the first lattice 
structure of graphite and uranium was 
set up at Columbia. It was a graphite 
cube about 8 feet on an edge, and 
contained about 7 tons of uranium 
oxide in iron containers distributed at 
equal intervals throughout the graph- 
ite. A preliminary set of measure- 
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ments was made on this structure in 
August 194]. Similar structures of 
somewhat larger size were set up 
and investigated during September 
and October, and the so-called expo- 
nential method (described below) of 
determining the multiplication factor 
was developed and first applied. This 
work was done by Fermi and his as- 
sistants, H. L. Anderson, B. Feld, G. 
Weil, and W. H. Zinn. 

The multiplication-factor ex peri- 
ment is rather similar to that already 
outlined for the determination of », 
the number of neutrons produced per 
thermal neutron absorbed. A radium- 
beryllium neutron source is placed 
near the bottom of the lattice struc- 
ture and the number of neutrons is 
measured at various points through- 
out the lattice. These numbers are 
then compared with the correspond- 
ing numbers determined when no 
uranium is present in the graphite 
mass. Evidently the absorption of 
neutrons by U-238 to produce U-239 
tends to reduce the number of neu- 
trons, while the fissions tend to in- 
crease the number. The question is: 
Which predominates? or, more pre- 
cisely, does the fission production of 
neutrons predominate over all neu- 
tron-removal processes other than es- 
cape? Interpretation of the expere 
mental data on this crucial question 
involves many corrections, calcula- 
tions, and approximations, but all re- 
duce in the end to a single number, 
the multiplication factor k. 

The Multiplication, Factor k 

The whole success or failure of the 
uranium project depended on the 
multiplication factor k, sometimes 
called the reproduction factor. If k 
could be made greater than one in a 
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practical system, the project would 
succeed; if not, the chain reaction 
would never be more than a dream. 
This is clear from the following dis- 
cussion, which applies to any system 
containing fissionable material. Sup- 
pose that there is a certain number of 
free neutrons present in the system 
at a given time. Some of these neu- 
trons will themselves initiate fissions 
and will thus directly produce new 
neutrons. The multiplication factor k 
is the ratio of the number of these 
new neutrons to the number of free 
neutrons originally present. Thus, if 
in a given pile comprising uranium, 
carbon, impurities, containers, etc., 
100 neutrons are produced by fission, 
some will escape, some wili be ab- 
sorbed in the uranium without caus- 
ing fission, some will be absorbed in 
the carbon, in the containers or in 
impurities, and some will cause fis- 
sion, thereby producing more neu- 
trons. If the fissions are sufficiently 
numerous and sufficiently effective in- 
dividually, more than 100 new neu- 
trons will be produced and the system 
is chain reacting. If the number of 
new neutrons is 105, k = 1.05. But 
if the number of new neutrons per 
100 initial ones is 99, k = .99 and no 
chain reaction can maintain itself. 
Recognizing that the intermediate 
or “exponential” experiment describ- 
ed above was too small to be chain 
reacting, we see that it was a matter 
of great interest whether any larger 
pile of the same lattice structure 
would be chain reacting. This could 
be determined by calculating what 
the value of k would be for an in- 
finitely large lattice of this same type. 
In other words, the problem was to 
calculate what the value of k would 
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be if no neutrons leaked away through 
the sides of the pile. Actually it is 
found that, once a chain-reacting sys- 
tem is well above the critical size— 
say two or three times as great—and 
is surrounded by what is called a 
reflector, the effective value of k dif- 
fers very little from that for infinite 
size provided that k is near 1.00. Con- 
sequently, it has become customary to 
characterize the chain-reaction poten- 
tialities of different mixtures of metal 
and moderator by the value of k,. the 
multiplication constant obtained by 
assuming infinite size of pile. 

The value of kz as reported by 
Fermi to the Uranium Section in the 
fall of 1941 was about 0.87. This was 
based on results from the second 
Columbia intermediate experiment. 
All agreed that the multiplication fac- 
tor could be increased by greater 
purity of materials, different lattice ar- 
rangements, etc. None could say with 
certainty that it could be made great- 
er than one. 

Theoretical Work 

Both the intermediate experiments 
at Columbia and the continued reso- 
nance-absorption work at Princeton 
required skilful theoretical interpre- 
tation. Fermi worked out the theory 
of the “exponential” pile and Wigner 
the theory of resonance absorption; 
both these men were constantly con- 
ferring and contributing to many 
problems. Wheeler of Princeton, Breit 
of Wisconsin, and Eckart of Chicago 
—to mention only a few—also made 
contributions to general pile theory 
and related topics. Altogether one 
can say that by the end of 1941 the 
general theory of the chain reaction 
for slow neutrons was almost com- 
pletely understood. It was the nu- 
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merical constants and technological 
possibilities that were still uncertain. 

On the theory of a fast neutron re- 
action in U-235 a good deal of pro- 
gress had also been made. In par- 
ticular, new estimates of the critical 
size were made, and it was predicted 
that possibly 10 per cent of the total 
energy might be released explosively. 
On this basis one kilogram of U-235 


Experiments 


> Art spout the same time that the 
work on resonance absorption was 
started at Princeton, S. K. Allison, at 
the suggestion of A. H. Compton, be- 
gan work at Chicago under a contract 
running from January 1, 1941 to Au- 
gust 1, 1941. The stated objectives 
of the work were to investigate (a) 
the increase in neutron production 
when the pile is enclosed in a beryl- 
lium envelope or “reflector,” and (b) 
the cross sections of beryllium. A new 
contract was authorized on July 18, 
1941 to run to June 30, 1942. This 
stated the somewhat brdader objec- 
tive of investigating uranium-beryl- 
lium-carbon systems generally. The 
appropriations involved were modest: 
$9,500 for the first contract, and 
$30,000 for the second contract. 


As has already been pointed out, 
beryllium has desirable qualities as a 
moderator because of its low atomic 
weight and low neutron-absorption 
cross section; there was also the pos- 
sibility that a contribution to the num- 
ber of neutrons would be realized 
from the (n, 2n) reaction in beryl- 
lium. The value of the cross section 
was not precisely known; further- 
more it was far from certain that any 
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would be equivalent to 2000 tons of 
TNT. The conclusions are reviewed 
below in connection with the National 
Academy Report. It is to be remem- 
bered that there are two factors in- 
volved: (1) how large a fraction of 
the available fission energy will be re- 
leased before the reaction stops; (2) 
how destructive such a highly con- 
centrated explosion will be. 


on Beryllium 


large amount of pure beryllium could 
be obtained. Allison’s problem was 
essentially similar to the Columbia 
problem, except for the use of beryl- 
lium in place of graphite. Because of 
the scarcity of beryllium it was sug- 
gested that it might be used in con- 
junction with graphite or some other 
moderator, possibly as a reflector. 


In the Chicago experiments, neu- 
trons produced with the aid of a 
cyclotron were caused to enter a pile 
of graphite and beryllium. Allison 
made a number of measurements on 
the slowing down and absorption by 
graphite which were valuable checks 
on similar experiments at Columbia. 
He finally was able to obtain enough 
beryllium to make significant meas- 
urements which showed that beryl- 
lium was a possible moderator com- 
parable to graphite. However, beryl- 
lium was not in fact used at all ex- 
tensively in view of the great diffi- 
culty of producing it in quantity in 
the required structural form. 

This Chicago project as described 
above became part of the Metallurgi- 
cal Laboratory project established at 
the University of Chicago early in 
1942. 
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Setting the Stage for the 
Greatest Gamble in History 


The Chain Reaction Starts 


After the group working in Chi- 
cago had accumulated a quantity of 
graphite and uranium ore judged suf- 
ficient for the great experiment, and 
about 6 tons of uranium metal, it was 
decided to bring the required amounts 
of material together in the calculated 
form and sce what would happen. A 
reviewing committee was present, ap- 
praising the project. This experiment, 
says the Report, answered beyond all 


Description of the Pile 

> Tue orictnat PLAN called for an 
approximately spherical pile with the 
best materials near the center. Ac- 
tually control measurements showed 
that the critical size had been reached 
before the sphere was complete, and 
the construction was modified ac- 
cordingly. The final structure may be 
roughly described as an oblate spher- 


oid flattened at the top, i.e., like a ° 


door knob. It was desired to have 
the uranium or uranium oxide lumps 
spaced in a cubic lattice imbedded in 
graphite. Consequently, the graphite 
was cut in bricks and built up in 
layers, alternate ones of which con- 
tained lumps of uranium at the corn- 
ers of squares. The critical size was 
reached when the pile had been built 
to a height only three quarters of that 
needed according to the most cau- 
tions estimates. Consequently only 
one more layer was added. The gra- 
phite used was chiefly from the Na- 
tional Carbon Company and the 
Speer Graphite Company. The pile 
contained 12,400 Ibs. of metal, part 
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shadow of doubt the first question be- 
fore the Metallurgical Laboratory; a 
self-sustaining nuclear chain reaction } 
had been produced in a system using 
normal uranium. 


The arrangement of material neces- 
sary to bring about this unique reac- 
tion ts described in the fourth ap- 
pendix to the Smyth Report, which 
we quote in full. 


of which was supplied by Westing- 
house, part by Metal Hydrides, and 
part by Ames. Since there were many 
more lattice points than lumps of 
metal, the remaining ones were filled 
with pressed oxide lumps. 


For purposes of control and ex- 
periment there were ten slots passing 
completely through the pile. Three of 
those near the center were used for 
control and safety rods. Further to 
facilitate experiment, particularly the 
removal of samples, one row of 
bricks carrying uranium and passing 
near the center of the pile was ar- 
ranged so that it -could be pushed 
completely out of the pile. 

This whole graphite sphere was 
supported by a timber framework 
resting on the floor of a squash court 
under the West Stands of Stagg Field. 
Predicted Performance 
of the Pile 

The metal lattice at the center of 
the pile and the two other major lat- 
tices making up the bulk of the rest 
of the pile had each bcen studied 
separately in exponential experiments 


CHEMISTRY 











No. 18, No. 27, and No. 29. These had 
given a multiplication factor of 1.07 
for the metal lattice and 1.04 and 1.03 
for the oxide lattices, the difference in 
the last two resulting from difference 
in the grade of graphite used. It is to 
be remembered that these figures are 
B multiplication factors for lattices of 
infinite size. Therefore a prediction 
of the actual effective multiplication 
factor kert for the pile as constructed 
depended on the: validity of the de- 
duction of k from the exponential ex- 
periments, on a proper averaging 
for the different lattices and on a 
proper deduction of kere from the 
average k for infinite size. Although 
the original design of the pile had 
been deliberately generous, its suc- 
cess when only partly completed in- 
dicated that the values of the mul- 
tiplication factors as calculated from 
exponential experiments had been too 
low. The observed effective multipli- 
cation factor of the part of the plan- 
ned structure actually built was about 
1.0006 when all neutron absorbers 
were removed. 
Measurements Performed 
During Construction 

A series of measurements was made 
while the pile was being assembled 
in order to be sure that the critical 
dimensions were not reached inad- 
vertenttly. These measurements served 
also to check the neutron multiplica- 
tion properties of the structure dur- 
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ing assembly, making possible a pre- 
diction of where the critical point 
would be reached. 

In general, any detector of neu- 
trons or gamma radiation can be used 
for measuring the intensity of the re- 
action. Neutron detectors are some- 
what preferable since they give re- 
sponse more quickly and are not af- 
fected by fission-product radiations 
after shut down. Actually both neu- 
tron detectors (boron trifluoride 
counters) and gamma-ray ionization 
chambers were distributed in and 
around the pile. Certain of the ioniza- 
tion chambers were used to operate 
recording instruments and automatic 
safety controls. 


In the pile itself measurements 
were made with two types of detec- 
tor. A boron trifluoride counter was 
inserted in a slot about 43” from the 
ground and its readings taken at fre- 
quent intervals. In addition, an in- 
dium foil was irradiated every night 
in a position as close as possible to 
the effective center of the pile, and 
its induced activity was measured the 
following morning and compared 
with the readings of the boron tri- 
fluoride counter. 

The results of such measurements 
can be expressed in two ways. Since 
the number of secondary neutrons 
produced by fission will increase 
steadily as the pile is constructed, the 
activity A induced in a standard in- 


> The pile was first operated as a self-sustaining system on De- 
cember 2, 1942. So far as we know, this was the first time that 
human beings ever initiated a self-maintaining nuclear chain re- 
action. Initially the pile was operated at a power level of 4 watt.. 
but on December 12th the power level was raised to 200 watts. 
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umber of Completed Layere 


Tieuwre 2 
> THE CRITICAL LAYER is reached when 
the number of neutrons which are 
available for atom splitting equals the 
number lost. When the curve cuts the 
ine, available atomic power begins. 


dium foil at the center will increase 
steadily as the number of layers of 
the pile is increased. Once the ef- 
fective multiplication factor is above 
one, A would theoretically increase to 
infinity. Such an approach to in- 
finity is hard to observe, so a second 
way of expressing the results was 
used. Suppose the lattice spacing and 
purity of materials of a graphite- 
uranium structure are such that the 
multiplication factor would be exactly 
one if the structure were a sphere of 
infinite radius. Then, for an actual 
sphere of similar construction but fi- 
nite radius, the activation of a de- 
tector placed at the center would be 
proportional to the square of the 
radius. It was possible to determine a 
corresponding effective radius Ree 
for the real pile in each of its various 
stages. It followed, therefore, that, if 
the factor k, were precisely one on 
the average for the lattice in the pile, 
the activity A of the detector at the 
center should increase with increasing 
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Rett in such a way that Réer/A re. 
mained constant, but, if k, for the 
lattice were greater than one, then as 
the pile size approached the critical 
value, that is, as kert approached one, 
A should approach infinity and there- 
fore R+ts/A approach zero. Therefore 
by extrapolating a curve of Rees/A vs. 
size of the pile, i.c., number of lay- 
ers, to where it cut the axis, it was 
possible to predict at what layer kerr 
would become one. Such a curve, 
shown in Fig. 1, indicated at what 
layer the critical size would le 
reached. The less useful but more 
direct and dramatic way of recording 


Wamber of completed Layers 
Pigure 2 


> More pramatic but less useful : 
this method of graphing the same dat 
used for Fig. 1. Growth of neutro 
activity in the pile as layers are adde 
rises slowly for a little while, the 
goes up very fast. 
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the results is shown in Fig. 2, which 
shows the growth of the neutron ac- 
tivity of the pile as layers were added. 

During the construction, appreciably 
before reaching this critical layer, 
some cadmium strips were inserted in 
suitable slots. They were removed 
once every day with the proper pre- 
cautions in order to check the ap- 
proach to the critical conditions. The 
construction was carried in this way 
to the critical layer. 
Control 

The reaction was controlled by in- 
serting in the pile some strips of neu- 
tron absorbing material—cadmium or 
boron steel. When the pile was not 
in operation, several such cadmium 
strips were inserted in a number of 
slots, bringing the effective multipli- 
cation factor considerably below one. 
In fact, any one of the cadmium strips 
alone was sufficient to bring the pile 
below the critical condition. Besides 
cadmium strips that could be used 
for manual operation of the pile, two 
safety rods and one automatic control 
tod were provided. The automatic 
control rod was operated by two elec- 
tric motors responding to an ioniza- 
tion chamber and amplifying system 
so that, if the intensity of the reaction 
increased above the desired level, the 
trod was pushed in, and vice versa. 
Operation of the Pile 

To operate the pile all but one of 
the cadmium strips were taken out. 


The remaining one was then slowly 
pulled out. As the critical conditions 
were approached, the intensity of the 
neutrons emitted by the pile began 
to increase rapidly. It should be no- 
ticed, however, that, when this last 
strip of cadmium was so far inside 
the pile that the effective multiplica- 
tion factor was just below one, it 
took a rather long time for the in- 
tensity to reach the saturation value. 
Similarly, if the cadmium strip was 
just far enough out to make kere 
greater than one, the intensity rose 
at a rather slow rate. For example, 
if one rod is only 1 cm. out from the 
critical position, the “relaxation time,” 
ic., the time for the intensity to 
double is about four hours. These long 
“relaxation times” were the result of 
the small percentage of delayed neu- 
trons which have been discussed in 
Appendix 3,* and make it relatively 
easy to keep the pile operating at a 
constant level of intensity. 

The pile was first operated on De- 
cember 2, 1942 to a maximum energy 
production of about 4 watt. On De- 
cember 12th the intensity was run up 
to about 200 watts, but it was not felt 
safe to go higher because of the dang- 
er of the radiation to personnel in 
and around the building. During this 
high intensity run, measurements 
were made of radiation intensity be- 
side the pile, in the building, and on 
the sidewalk outside. 


* See page 40. 


Energy Developed by the Pile 


> IN THESE experiments no direct 
measurements of energy release were 
made. The number of neutrons per 
second emitted by the pile was esti- 
mated in terms of the activity of 
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standardized indium foils. Then, from 
a knowledge of the number of neu- 
trons produced per fission, the re- 
sultant rate af energy release (watt- 
age) was calculated. 
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Possibility of a Fission Bomb 
And its Destructive Effect 


How To Make A Bomb? 


The conditions which scientists felt 


they had to meet, to make a bomb out © 


of materials they had successfully ex- 
perimented with, were outlined in 
November 1941 as a guide to further 
work. The Smyth Report gives them 
in this form. The transuranian ele- 
ment Plutonium looked promising for 
the purpose. 

Work on Plutonium 

> In cHaprer I* mention is made of 
the suggestion that the element 94, 
later christened plutonium, would be 
formed by beta-ray disintegrations of 
U-239 resulting from neutron absorp- 
tion by U-238 and that plutonium 
would probably be an alpha-particle 
emitter of long half-life and would 
undergo fission when bombarded by 
neutrons. In the summer of 1940 the 
nuclear physics group at the Univer- 
sity of California in Berkeley was 
urged to use neutrons from its power- 
ful cyclotron for the production of 
plutonium, and to separate it from 
uranium and investigate its fission 
properties. Various pertinent ex- 
periments were performed by E. 
Segre, G. T. Seaborg, J. W. Kennedy, 
and M. H. Wahl at Berkeley prior 
to 1941 and were reported by E. O. 
Lawrence to the National Academy 
Committee in May 1941 and also in a 
memorandum that was incorporated 
in the Committee’s second report 
dated July 11, 1941. It will be seen 
that this memorandum includes one 
important idea not specifically em- 


* See page 11. 


phasized by others, namely, the 
production of large quantities of plu- 
tonium for use in a bomb. 

The National Academy 
Committee Report 

The appointment of a Nationa 
Academy committee was mentioned 
in Chapter II]. The committee’s first 
report in May 1940 mentioned (a) 
radio-active poisons, (b) atomic pow- 
er, and (c) atomic bombs, but the 
emphasis was on power. The second 
report stressed the importance of the 
new results on plutonium, but was 
not specific about the military uses to 
which the fission process might be 
put. Both these reports urged that 
the project be pushed more vigor- 
ously. 

The third report (November 6, 
1941) was specifically concerned with 
the “possibilities of an explosive fis- 
sion reaction with U-235.” Although 
neither of the first two National 
Academy reports indicated that ura- 
nium would be likely to be of de- 
cisive importance in the present war, 
this possibility was emphasized in the 
third report. We can do no better 
than quote portions of this report. 

Since our last report, the progress 
toward separation of the isotopes of 
uranium has been such as to make 
urgent a consideration of (1) the 
probability of success in the at- 
tempt to produce a fission bomb, 

(2) the destructive effect to be ex- 

pected from such a bomb, (3) the 
anticipated time before its develop- 
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ment can be completed and produc- 
tion be underway, and (4) a pre- 
liminary estimate of the costs in- 
volved. 
1. Conditions for a fission bomb 
A fission bomb of superlatively des- 
tructive power will result from bring- 
ing quickly together a sufficient mass 
of element U-235. This seems to be as 
sure as any untried prediction based 
upon theory and experiment can be. 


Our calculations indicate further 
that the required masses can be 
brought together quickly enough for 
the reaction to become efficient. . . . 
2. Destructive effect 

a. Mass of the bomb. The mass of 
U-235 required to produce explosive 
fission under appropriate conditions 
can hardly be less than 2 kg nor great- 
er than 100 kg. These wide limits re- 
flect chiefly the experimental uncer- 
tainty in the capture cross section of 
U-235 for fast neutrons. .. . 

b. Energy released by explosive fis- 
sion. Calculations for the case of 
masses properly located at the initial 
instant indicate that between 1 and 5 
per cent of the fission energy of the 
uranium should be released at a fis- 
sion explosion. This means from 2 to 
10 X 10® kilocalories per kg of ura- 
nium 235. The available explosive en- 
ergy per kg of uranium is thus equiva- 
lent to about 300 tons of TNT. 

3. Time required for 
needed U-235 


a. Amount of uranium needed. 
Since the destructiveness of present 
bombs is already an important factor 
in warfare, it is evident that, if the 
destructiveness of the bombs is thus 
increased 10,000-fold, they should be- 


come of decisive importance. 
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The amount of uranium required 
will, nevertheless, be large. If the 
estimate is correct that 500,000 tons 
of TNT bombs would be required to 
devastate Germany’s military and in- 
dustrial objectives, from 1 to 10 tons 
of U-235 will be required to do the 
same job. 


b. Separation of U-235. The sepa- 
ration of the isotopes of uranium can 
be done in the necessary amounts. 
Several methods are under develop- 
ment, at least two of which seem defi- 
nitely adequate, and are approaching 
the stage of practical test. These are 
the methods of the centrifuge and of 
diffusion through porous barriers. 
Other methods are being investigated 
or need study which may ultimately 
prove’ superior, but are now farther 
from the engineering stage. 


c. Time required for production of 
fission bombs. An estimate of time 
required for development, engineer- 
ing and production of fission bombs 
can be made only very roughly at 
this time. 


If all possible effort is spent on the 
program, one might however expect 
fission bombs to be available in sig- 
nificant quantity within three or four 
years. 


4. Rough estimate of costs 


(The figures given in the Academy 
report under this heading were recog- 
nized as only rough estimates since 
the scientific and engineering data to 
make them more precise were not 
available. They showed only that the 
undertaking would be enormously ex- 
pensive but still in line with other 
war expenditures.) ... 
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Apparently, the British and the 
Germans, both grimly at war, thought 
the problem worth undertaking. 
Furthermore, the whole national psy- 
chology had changed. Although the 
attack at Pearl Harbor was yet to 
come, the impending threat of war 
was much more keenly felt than be- 
fore, and expenditures of effort and 

Military 
> THE ANNOUNCEMENT of the hy- 
pothesis of fission and its experimental 
confirmation took place in January 
1939, as has already been recounted. 
There was immediate interest in the 
possible military use of the large 
amounts of energy released in fis- 
sion. At that time American-born 
nuclear physicists were so umaccus- 
tomed to the idea of using their sci- 


money that would have seemed en- 
ormous in 1940 were considered ob- 
viously necessary precautions in De- 
cember 1941. Thus it was not sur- 
prising that Bush and his associates 
felt it was time to push the uranium 
project vigorously. For this purpose, 
there was created an entirely new ad- 
ministrative ofganization which will 


be described in the next chapter. 
Possibilities 

ence for military purposes that they 
hardly realized what needed to be 
done. Consequently the early efforts 
both at restricting publication and at 
getting government support were 
stimulated largely by a small group 
of foreign-born physicists centering on 
L. Szilard and including E. Wigner, 


E. Teller, V. F. Weisskopf, and E. 
Fermi. 


Exchange of Information with the British 


> Prior To the autumn of 1941 there 
had been some exchange of reports 
with the British and some discussion 
with British scientific representatives 
who were here on other business. In 
September 1941, it was decided that 
Pegram and Urey should get first- 
hand information by a trip to Eng- 
land. They completed their trip in 
the first week of December 1941. 


In general, work in England had 
been following much the same lines 
as in this country. As to the chain- 
reaction problem, their attention had 
focussed on heavy water as a modera- 
tor rather than graphite; as to isotope 
separation, they had done extensive 
work on the diffusion process includ- 
ing the general theory of cascades. Ac- 
tually the principal importance of this 
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visit and other interchanges during 
the summer of 1941 lay not in ac 
curate scientific data but in the gen- 
eral scientific impressions. The Brit- 
ish, particularly J. Chadwick, were 
convinced that a U-235 chain reac- 
tion could be achieved. They knew 
that several kilograms of heavy water 
a day were being produced in Nor- 
way, and that Germany had ordered 
considerable quantities of paraffin to 
be made using heavy hydrogen; it 
was difficult to imagine a use for 
these materials other than in work 
on the uranium problem. They fear- 
ed that if the Germans got atomic 
bombs before the Allies did, the war 
might be over in a few weeks. The 
sense of urgency which Pegram and 
Urey brought back with them was of 
great importance. 
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Administration Organization 


> By THE END of 1941 an extensive 
review of the whole uranium situa- 
tion had been completed. As a re- 
sult of this review Bush and his ad- 
visers decided to increase the effort 
on the uranium project and to change 
the organization. This decision was 
approved by President Roosevelt. 
From January 1942 until early sum- 
mer of 1942 the uranium work was 
directed by Bush and Conant work- 
ing with the Program Chiefs and a 
Planning Board. In the summer of 
1942 the Army, through the Corps of 
Engineers, was assigned an active part 
in the procurement and engineering 
phases, organizing the Manhattan 
District for the purpose. In Septem- 
ber 1942, Dr. Bush, Dr. Conant, Gen- 
eral Styer, and Admiral Purnell were 
appointed as a Military Policy Com- 
mittee to determine the general poli- 
cies of the whole project. Also in 
September, Generat Groves was ap- 
pointed to take charge of all Army ac- 
tivities of the project. The period of 
joint OSRD and Army control con- 
tinued through April 1943 with the 
Army playing an increasingly im- 
portant role as the industrial effort 
got fully under way. In May 1943 
the research contracts were transfer- 
red to the Corps of Engineers; the 
period of joint OSRD-Army control 
ended and the period of complete 
Army control began. 

Since 1943 there have been no im- 
portant changes in the form of the 
organization and few of importance 
in the operating personnel. General 
Groves has continued to carry the ma- 
jor responsibility for correlating the 
whole effort and keeping it directed 
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toward its military objectives. It has 
been his duty to keep the various 
parts of the project in step, to see that 
raw materials were available for the 
various plants, to determine produc- 
tion schedules. to make sure that the 
development of bomb design kept up 
with production schedules, to arrange 
for use of the bombs when the time 
came, and to maintain an adequate 
system of security. In discharging 
these duties General Groves has had 
the help of his tremendous organiza- 
tion made up of civilian scientists and 
engineers and Engineer officers and 
enlisted men. Many of the civilians 
have been mentioned already or will 
be mentioned in later chapters deal- 
ing with particular projects. Brigadier 
General T. F. Farrell has acted as 
General Groves’ deputy in the im- 
portant later phases of the project. 
Colonel K. D. Nichols, the District 
Engineer of the Manhattan District 
with his headquarters at the Clinton 
Engineer Works, has been connected 
with the project since 1942. He has 
been concerned with the research and 
production problems of both U-235 
and plutonium and has always shown 
exceptional understanding of the tech- 
nical problems and their relative im- 
portance. Two other officers who 
should be mentioned are Colonel F. 
T. Matthias and Colonel S. L. War- 
ren. Colonel Matthias has discharged 
major responsibilities at the Hanford 
Engineer Works in an extremely able 
manner; his duties have been con- 
cerned with both the construction 
and operational phases of the project. 
Colonel Warren is chief of the Medi- 
cal Section of the Manhattan District. 
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Old Conservation Laws Fade 
Into New Combined Principle 


Mass and Energy 


If energy may sometimes be con- 
verted into matter and matter into 
energy, what becomes of the prin- 
ciples cherished by physicists and 
chemists for so many years, that 
neither matter nor energy can be 
created or destroyed? As usual in the 
development of scientific laws, these 
axioms dissolve into a wider law. The 
scientists who wrote the Smyth Re- 
port began their explanation of 
atomic energy with the following 
clarification of theory. 


The Conservation of 
Mass and of Energy 


> THERE ARE two principles that have 
been cornerstones of the structure of 
modern science. The first—that mat- 
ter can be neither created nor des- 
troyed but only altered in form— 
was enunciated in the eighteenth 
century and is familiar to every stu- 
dent of chemistry; it has led to the 
principle known as the law of con- 
servation of mass. The second—that 
energy can be neither created nor 
destroyed but only altered in form— 
emerged in the nineteenth century 
and has ever since been the plague of 
inventors of perpetual-motion ma- 
chines; it is known as the law of con- 
servation of energy. 

These two principles have constant- 
ly guided and disciplined the develop- 
ment and application of science. For 
all practical purposes they were un- 
altered and separate until some five 
years ago. For most practical pur- 
poses they are still so, but it is now 
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known that they are, in fact, two 
phases of a single principle for we 
have discovered that energy may 
sometimes be converted into matter 
and matter into energy. Specifically, 
such a conversion is observed in the 
phenomenon of nuclear fission of 
uranium, a process in which atomic 
nuclei split into fragments with the 
release of an enormous amount of 
energy. The military use of this en- 
ergy has been the object of the re- 
search and production projects des- 
cribed in this report. 


The Equivalence of 
Mass and Energy 

One conclusion that appeared rather 
early in the development of the theory 
of relativity was that the inertial mass 
of a moving body increased as its 
speed increased. This implied an 
equivalence between an increase in 
energy of motion of a body, that is, 
its kinetic energy, and an increase in 
its mass. To most practical physicists 
and engineers this appeared a mathe- 
matical fiction of no practical im- 
portance. Even Einstein could hardly 
have foreseen the present applications, 
but as early as 1905 he did clearly 
state that mass and energy were 
equivalent and suggested that proof 
of this equivalence might be found 
by the study of radioactive sub- 
stances. He concluded that the amount 
of energy, E, equivalent to a mass, m, 
was given by the equation 

E = mc? 

where c is the velocity of light. If 
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this is stated in actual numbers, its 
startling character is apparent. It 
shows that one kilogram (2.2 pounds) 
of matter, if converted entirely into 
energy, would give 25 billion kilo- 
watt hours of energy. This is equal 
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e re- cral respects. In the first place, it 
des- §explained why the equivalence of 
mass and energy was never observed 
in ordinary chemical combustion. We 
now believe that the heat given off in 
athe such a combustion has mass associ- 
es ated with it, but this mass is so small 
“ Bthat it cannot be detected by the 
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ss, mM, fifrom an atom of lithium. struck by a 
proton, we might expect to obtain ap- 
proximately half a million kilowatt 
ht. If §hours by combining a gram of hydro- 
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verted into energy in any familiar ter- 
restrial processes, since no such large 
sources of energy were known. Fur- 
ther, the possibility of initiating or 
controlling such a conversion in any 
practical way seemed very remote. 
Finally, the very size of the con- 
version factor opened a magnificent 
field of speculation to philosophers, 
physicists, engineers, and comic-strip 
artists. For twenty-five years such 
speculation was unsupported by di- 
rect experimental evidence, but be- 
ginning about 1930 such evidence be- 
gan to appear in rapidly increasing 
quantity. Before discussing such evi- 
dence and the practical partial con- 
version of matter into energy that is 
our main theme, we shall review the 
foundations of atomic and nuclear 
physics. General familiarity with the 
atomic nature of matter and with the 
existence of electrons is assumed. Our 
treatment will be little more than an 
outline which may be elaborated by 
reference to books such as Pollard 
and Davidson’s Applied Nuclear 
Physics and Stranathan’s The Parti- 
cles of Nuclear Physics. 


Atomic Power in 1939 


gen with seven grams of lithium. It 
looks better than burning coal. The 
difficulties are in producing the high- 
speed protons and in controlling the 
energy produced. All the experi- 
ments we have been talking about 
have been done with very small 
quantities of material—not tons or 
pounds or grams, but fractions of 
micrograms. The amount of energy 
used up in the experiment was always 
far greater than the amount generat- 
ed by the nuclear reaction. 
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Radioactivity is the Key 
To Happenings Within the Atom 


Radioactivity 


How radioactivity was discovered 
and what has come of it is covered in 
this section of the Smyth Report. 


Radioactivity and 

Atomic Structure 

> First piscoverep by H. Becquerel 
in 1896 and subsequently studied by 
Pierre and Marie Curie, E. Ruther- 
ford, and many others, the pheno- 
mena of radioactivity have played 
leading roles in the discovery of the 
general laws of atomic structure and 
in the verification of the equivalence 
of mass and energy. 

Ionization by 

Radioactive Substances 


The first observed phenomenon of 
radioactivity was the blackening of 
photographic plates by uranium min- 
erals. Although this effect is still 
used to some extent in research on 
radioactivity, the property of radio- 
active substances that is of greatest 
scientific value is their ability to 
ionize gases. Under normal condi- 
tions air and other gases do not con- 
duct electricity — otherwise power 
lines and electrical machines would 
not operate in the open as they do. 
But under some circumstances the 
molecules of air are broken apart into 
positively and negatively charged 
fragments, called ions. Air thus ion- 
ized does conduct electricity. Within 
a few months after the first discovery 
of radioactivity Becquerel found that 
uranium had the power to ionize air. 
Specifically he found that the charge 
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on an electroscope would leak away 
rapidly through the air if some ura- 
nium salts were placed near it. (The 
same thing would happen to a storage 
battery if sufficient radioactive ma- 
terial were placed near by.) Ever 
since that time the rate of discharge 
of an electroscope has served as a 
measure of intensity of radioactivity. 
Furthermore, nearly all present-day 
instruments for studying radioactive 
phenomena depend on this ionization 
effect directly or indirectly. An ele- 
mentary account of such instruments, 
notably electroscopes, Geiger Miiller 
counters, ionization chambers, and 
Wilson cloud chambers is given in 
Appendix 1.* 
The Different Radiations 
Evidence that different radioactive 
substances differ in their ionizing 
power both in kind and in intensity 
indicates that there are differences in 
the “radiations” emitted. Some of the 
radiations are much more penetrating 
than others; consequently, two radio- 
active samples having the same effect 
on an “unshielded” electroscope may 
have very different effects if the elec- 
troscope is “shielded,” i.e., if screens 
are interposed between the sample 
and the electroscope. These screens 
are said to absorb the radiation. 
Studies of absorption and_ other 
phenomena have shown that in fact 
there are three types of ‘‘radia- 
tion” given off by radioactive sub- 
stances. There are alpha particles, 


* To appear in a later issue of CHemustTry. 
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which are high-speed ionized helium 
atoms (actually the nuclei of helium 
atoms), beta particles, which are 
high-speed electrons, and gamma 
rays, which are electromagnetic radia- 
tion similar to X-rays. Of these only 
the gamma rays are properly called 
radiations, and even these act very 
much like particles because of their 
short wave-length. Such a “particle” 
or quantum of gamma radiation is 
called ‘a photon. In general, the 
gamma rays are very penetrating, the 


alpha and beta rays less so. Even 
though the alpha and beta rays are 
not very penetrating, they have en- 
ormous kinetic energies for particles 
of atomic size, energies thousands of 
times greater than the kinetic ener- 
gies which the molecules of a gas 
have by reason of their thermal mo- 
tion, and thousands of times greater 
than the energy changes per atom in 
chemical reactions. It was for this 


reason that Einstein suggested that 
studies of radioactivity might show 
the equivalence of mass and energy. 


Separation of Isotopes 


> Ir 1s well known that the molecules 
of a gas or liquid are in continual 
motion and that their average kinetic 
energy depends only on the tempera- 
ture, not on the chemical properties 
of the molecules. Thus in a gas 
made up of a mixture of two isotopes 
the average kinetic energy of the 
light molecules and of the heavy ones 
is the same. Since the kinetic en- 
ergy of a molecule is 4 mv’, where 
m is the mass and v the speed of the 
molecule, it is apparent that on the 
average the speed of a lighter mole- 
cule must be greater than that of a 
heavier molecule. Therefore, at least 
in principle, any process depending 
on the average speed of molecules can 
be used to separate isotopes. Un- 
fortunately, the average speed is in- 
versely proportional to the square root 
of the mass so that the difference is 
very smal] for the gaseous compounds 
of the uranium isotopes. Also, al- 
though the average speeds differ, the 
ranges of speed show considerable 
overlap. In the case of the gas ura- 
nium hexafluoride, for example, over 
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49 per cent of the light molecules 
have speeds as low as those of 50 per 
cent of the heavy molecules. 

Obviously there is no feasible way 
of applying mechanical forces direct- 
ly to molecules individually; they can- 
not be poked with a stick or pulled 
with a string. But they are subject 
to gravitational fields and, if ionized, 
may be affected by electric and mag- 
netic fields. Gravitational forces are, 
of course, proportional to the mass. 
In a very high vacuum U-235 atoms 
and U-238 atoms would fall with the 
same acceleration, but just as a feather 
and a stone fall at very different rates 
in air where there are frictional forces 
resisting motion, there may be condi- 
tions under which a combination of 
gravitational and opposing inter-mo- 
lecular forces will tend to move heavy 
atoms differently from light ones. 
Electric and magnetic fields are more 
easily controlled than gravitational 
fields or “pseudo-gravitational” fields 
(i.e., centrifugal-force fields) and are 
very effective in separating ions of 
differing masses. 
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How the Atom is Constructed 
And How it Disintegrates 


The Atom 


Some elements are different, but 
have the same atomic weight. For 
these scientists working on the atomic 
power project have coined the needed 
term “isobars.” The name comple- 
ments “isotope” for elements which 
are the same but whose atomic 
weights are different. 


> Berore considering what types of 
atoms emit alpha, beta, and gamma 
rays, and before discussing the laws 
that govern such emission, we shall 
describe the current ideas on how 
atoms are constructed, ideas based 
partly on the study of radioactivity. 

According to our present view every 
atom consists of a small heavy nu- 
cleus approximately 10-?* cm in di- 
ameter surrounded by a largely empty 
region 10—* cm in diameter in which 
electrons move somewhat like planets 
about the sun. The nucleus carries an 
integral number of positive charges, 
each 1.6 x 10~-* coulombs in size. 
Each electron carries one negative 
charge of this same size, and the 
number of electrons circulating 
around the nucleus is equal to the 
number of positive charges on the 
nucleus so that the atom as a whole 
has a net charge of zero. 
Atomic Number and 
Electronic Structure 

The number of positive charges in 
the nucleus is called the atomic num- 
ber, Z. It determines the number of 
electrons in the extranuclear structure, 
and this in turn determines the chem- 
ical properties of the atom. Thus all 
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the atoms of a given chemical ele- 
ment have the same atomic number, 
and conversely all atoms having the 
same atomic number are atoms of the 
same element regardless of possible 
differences in their nuclear structure. 
The extranuclear electrons in an atom 
arrange themselves in successive shells 
according to well-established laws. 
Optical spectra arise from disturb- 
ances in the outer parts of this elec- 
tron structure; X-rays arise from dis- 
turbances of the electrons close to 
the nucleus. The chemical properties 
of an atom depend on the outermost 
electrons, and the formation of chem- 
ical compounds is accompanied by 
minor rearrangements of these elec- 
tronic structures. Consequently, when 
energy is obtained by oxidation, com- 
bustion, explosion, or other chemical 
processes, it is obtained at the expense 
of these structures so that the ar- 
rangement of the electrons in the 
products of the process must be one 
of lowered energy content. (Pre- 
sumably the total mass of these 
products is correspondingly lower but 
not detectably so.) The atomic nuclei 
are not affected by any chemical pro- 
cess. 


Mass Number 


Not only is the positive charge on a 
nucleus always an integral number of 
electronic charges, but the mass of 
the nucleus is always approximately 
a whole number times a fundamental 
unit of mass which is almost the mass 
of a proton, the nucleus of a hydro- 
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gen atom. This whole number is 
called the mass number, A, and is 
always at least twice as great as the 
atomic number except in the cases of 
hydrogen and a rare isotope of heli- 
um. Since the mass of a proton is 
about 1800 times that of an electron, 
the mass of the nucleus is very nearly 
the whole mass of the atom. 


Isotopes and Isobars 
Two species of atoms having the 
same atomic number but different 


















































rells |™ass numbers are called isotopes. 
wws. hey are chemically identical, being 
urb- merely two species of the same chemi- 
elec. cal element. If two species of atoms 
dis- have the same mass number but dif- 
» to Mpecrent atomic numbers, they are 
rties called isobars and represent two dif- 
most crent chemical elements. 
1em- BNuclear Change 
i by & If an atom emits an alpha particle 
elec- Biwhich has an atomic number of two 
when Band a mass of four), it becomes an 
com Hhtom of a different element with an 
mca’ Btomic number lower by two and a 
pense Bmass number lower by four. The 
= af Emission by a nucleus of a beta parti- 
| the Be increases the atomic number by 
ONE PPne and leaves the mass number un- 
(Pre- Biered. In some cases, these changes 
these Bre accompanied by the emission of 
¢ but Bamma rays. Elements which spon- 
vuclei aneously change or “disintegrate” in 
L pro- Bhese ways are unstable and are des- 
ribed as being “radioactive.” The 
nly natural elements which exhibit 
>on a #his property of emitting alpha or 
ber of fBcta particles are (with a few minor 
ass of fRXxceptions) those of very high atomic 
nately #Pumbers and mass numbers, such as 
nental #anium, thorium, radium, and ac- 
» mass ium, i.e., those known to have the 
hydro- Post complicated nuclear structures. 
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Half-Lives; 
The Radioactive Series 

All the atoms of a particular radio- 
active species have the same proba- 
bility of disintegrating in a given 
time, so that an appreciable sample of 
radioactive material, containing many 
millions of atoms, always changes or 
“disintegrates” at the same rate. This 
rate at which the material changes is 
expressed in terms of the “half-life,” 
the time required for one half the 
atoms initially present to disintegrate, 
which evidently is constant for any 
particular atomic species. Half-lives 
of radioactive materials range from 
fractions of a second for the most un- 
stable to billions of years for those 
which are only slightly unstable. 
Often, the “daughter” nucleus like 
its radioactive “parent” is itself radio- 
active and so on down the line for 
several successive generations of nu- 
clei until a stable one is finally reached. 
There are three such families or series 
comprising all together about forty 
different radioactive species. The ra- 
dium series starts from one isotope of 
uranium, the actinium series from 
another isotope of uranium, and the 
thorium series from thorium. The 
final product of each series, after ten 
or twelve successive alpha and beta 
particle emissions, is a stable isotope 
of lead. 
Artificial Nuclear 
Disintegration 

Before 1919 no one had sacenndud 
in disturbing the stability of ordinary 
nuclei or affecting the disintegration 
rates of those that were naturally ra- 
dioactive. In 1919 Rutherford showed 
that high-energy alpha particles could 
cause an alteration in the nucleus of 
an ordinary element. Specifically he 
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succeeded in changing a few atoms 
of nitrogen into atoms of oxygen by 
bombarding them with alpha parti- 
cles. The process involved may be 
written as 


Het + N** > OY + H! 
meaning that a helium nucleus of 


mass number 4 (an alpha particle) 
striking a nitrogen nucleus of mass 


Fortunate Time Lag of Neutrons 


Allows Fission Control in Pile 


number 14 produces an oxygen nu- 
cleus of mass number 17 and a hydro 
gen nucleus of mass number 1. The 
hydrogen nucleus, known as the “pro- 
ton,” is of special importance since it 
has the smallest mass of any nucleus. 
Although protons do not appear in 
natural radioactive processes, there is § 
much direct evidence that they can 
be knocked out of nuclei. 


Delayed Neutrons 


> WE sHALL NoT mention a majority 
of the various auxiliary experiments. 
There was one, however—the study 
of delayed. neutrons—that we shall 
discuss because it is a good example 


of the kind of experiment that had to 
be performed and because it con- 
cerned one effect, not heretofore men- 
tioned, that is of great importance in 
controlling a chain-reacting pile. 


From previous investigations, some 
of which were already published, it 
was known that about | per cent of 
the neutrons emitted in fission pro- 
cesses were not ejected immediately 
but were given off in decreasing 
quantity over a period of time, a fact 
reminiscent of the emission of beta 
rays from shortlived radioactive sub- 
stances. Several half-lives had been 
observed, the longest being of the 


order of a minute. 


It was realized early that this time 
delay gave a sort of inertia to the 
chain reaction that should greatly 
facilitate control. If the effective mul- 
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tiplication factor of a pile becam 
slightly greater than one, the neutron 
density would not rise to harmfully 
large values almost instantly but 
would rise gradually so that ther 
would be a chance for controls w 
operate. (Other time intervals in 
volved, such as those between colli 
sions, are too small to be useful.) 


Because of the importance of this 
effect of delayed neutrons for com 
trol it was decided to repeat and im 
prove the earlier measurements. (The 
fact that this was a repetition rathe! 
than a new measurement is also typi 
cal of much of the work in physics @ 
this period.) The results indicated thaj 
1.0 per cent of the neutrons emitt 
in uranium fission are delayed by 4 
least 0.01 second and that about 0.{/ 
per cent are delayed by as much as 
minute. By designing a pile such thd 
the effective value of k, the multiplic 
tion factor, is only 1.01 the number « 
delayed neutrons js sufficient to allo 
easy control. 
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New Atomic Team Member 
Is Uncharged Particle 


The Neutron 


From polonium to beryllium to 
araffin was the play which called 


ttention to the new member of the 


itomic team. To change the meta- 


phor, the Smyth Report says the 
eutron is the theme song of the 
whole atomic power research. 


In tHE decade following Ruther- 
ord’s work many similar experiments 
vere performed with similar results. 
ne series of experiments of this type 
ed to the discovery of the neutron, 
vhich will be discussed in some de- 
ail since the neutron is practically the 
heme song of this whole project. 

In 1930 W. Bothe and H. Becker 
n Germany found that if the very 
nergetic natural alpha particles from 
polonium fell on certain of the light 
lements, specifically beryllium, boron 
br lithium, an unusually penetrating 
adiation was produced. At first this 
adiation was thought to be gamma 
adiation although it was more pene- 
rating than any gamma rays known, 
nd the details of experimental results 
were very difficult to interpret on this 
basis. The next important contribu- 
on was reported in 1932 by Irene 
vurie and F, Joliot in Paris. They 
howed that if this unknown radia- 
ion fell on paraffin or any other hy- 
rogen-containing compound it eject- 

protons of very high energy. This 

‘as not in itself inconsistent with 


¢ assumed gamma-ray nature of ° 


¢ new radiation, but detailed quan- 
tative analysis of the data became 
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increasingly difficult to reconcile with 
such an hypothesis. Finally (later in 
1932) J. Chadwick in England per- 
formed a series of experiments show- 
ing that the gamma ray hypothesis 
was untenable. He suggested that in 
fact the new radiation consisted of 
uncharged particles of approximately 
the mass of the proton, and he per- 
formed a series of experiments veri- 
fying his suggestion. Such uncharged 
particles are now called neutrons. 
The one characteristic of neutrons 
which differentiates them from other 
subatomic particles is the fact that 
they are uncharged. This property of 
neutrons delayed their discovery, 
makes them very penetrating, makes 
it impossible to observe them directly, 
and makes them very important as 
agents in nuclear change. To be sure, 
an atom in its normal state is also un- 
charged, but it is ten thousand times 
larger than a neutron and consists of 
a complex system of negatively charg- 
ed electrons widely spaced around a 
positively charged nucleus. Charged 
particles (such as protons, electrons, 
or alpha particles) and electromag- 
netic radiations (such as gamma 
rays) lose energy in passing through 
matter. They exert electric forces 
which ionize atoms of the material 
through which they pass. (It is such 
ionization processes that make the air 
electrically conducting in the path 
of electric sparks and lightning 
flashes.) The energy taken up in 
ionization equals the energy lost by 


41 





the charged particle, which slows 
down, or by the gamma ray, which 
is absorbed. The neutron, however, 
is unaffected by such forces; it is 
affected only by a very short-range 
force, ic., a force that comes into 
play when the neutron comes very 
close indeed to an atomic nucleus. 
This is the kind of force that holds 
a nucleus together in spite of the 
mutual repulsion of the positive 
charges in it. Consequently a free 
neutron goes on its way unchecked 
until it makes a “head-on” collision 
with an atomic nucleus. Since nuclei 
are very small, such collisions occur 
but rarely and the neutron travels a 
long way before colliding. In the 
case of a collision of the “elastic” type, 
the ordinary laws of momentum ap- 
ply as they do in the elastic collision 
of billiard balls. If the nucleus that 
is struck is heavy, it acquires rela- 


tively little speed, but if it is a proton, 
which is approximately equal in mass 
to the neutron, it is projected forward 
with a large fraction of the original 
speed of the neutron, which is itself 


correspondingly slowed. Secondary 
projectiles resulting from these col- 
lisions may be detected, for they are 
charged and produce ionization. The 
uncharged nature of the neutron 
makes it not only difficult to detect but 
dificult to control. Charged particles 
can be accelerated, decelerated, or de- 
flected by electric or magnetic fields 
which have no effect on neutrons. 
Furthermore, free neutrons can be 
obtained only from nuclear disinte- 
grations; there is no natural supply. 
The only means we have of control- 
ling free neutrons is to put nuclei in 
their way so that they will be slowed 
and deflected or absorbed by collisions. 
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As we shall see, these effects are of 
the greatest practical importance. 


The Positron 
And the Deuteron 

The year 1932 brought the dis 
covery not only of the neutron but 
also of the positron. The positron was 
first observed by C. D. Anderson 2 
the California Institute of Tech- 
nology. It has the same mass and the 
same magnitude of charge as th 
electron, but the charge is positive in- 
stead of negative. Except as a part: 
cle emitted by artificially radioactive 
nuclei, it is of little interest to us. 

One other major discovery marked 
the year 1932. H. C. Urey, F. G. 
Brickwedde, and G. M. Murphy 
found that hydrogen had an isotope 
of mass number 2, present in naturd 
hydrogen to one part in 5000. Becaus 
of its special importance this hea 
species of hydrogen is given a name 
of its own, deuterium, and the cor 
responding nucleus is called the dev! 
teron. Like the alpha particle it is 
not one of the fundamental particle 
but does play an important role it 
certain processes for producing nv 
clear disintegration. 


Nuclear Structure 


The idea that all elements are ma 
out of a few fundamental particles 
an old one. It is now firmly esta 
lished. We believe that there ar 
three fundamental particles—the net 
tron, the proton, and the electron. ! 
complete treatise would also discu 
the positron, which we have met 
tioned, the neutrino and the me 
tron. The deuteron and alpha part 
cle, which have already been me 
tioned, are important complex part 
cles. 
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According to our present views the 
nuclei of all atomic species are made 
up of neutrons and protons. The 
number of protons is equal to the 
atomic number, Z. The number of 
neutrons, N, is equal to the difference 
between the mass number and the 
atomic number, or A — Z. There are 
two sets of forces acting on these 
particles, ordinary electric coulomb 
forces of repulsion between the posi- 
tive charges and very short-range 
forces of attraction between all the 
particles. These last forces are only 
partly understood, and we shall not 
attempt to discuss them. Suffice it to 
say that combined effects of these at- 
tractive and repulsive forces are such 
that only certain combinations of 
neutrons and protons are stable. If 
the neutrons and protons are few in 
number, stability occurs when their 
numbers are about equal. For larger 
nuclei, the proportion of neutrons re- 
quired for stability is greater. Finally, 
at the end of the periodic table, where 
the number of protons is over 90 and 
the number of neutrons nearly 150, 
there are no completely stable nuclei. 
(Some of the heavy nuclei are almost 
stable as evidenced by very long half- 
lives.) If an unstable nucleus is form- 
ed artificially by adding an extra neu- 
tron or proton, eventually a change 
to a stable form occurs. Strangely 
enough, this is not accomplished by 
ejecting a proton or a neutron but 
by ejecting a positron or an electron; 
apparently within the nucleus a pro- 
ton converts itself to a neutron and 
positron (or a neutron converts itself 
into a proton and electron), and the 
light charged particle is ejected. In 
other words, the mass number re- 
mains the same but the atomic num- 
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ber changes. The stability conditions 
are not very critical so that for a given 
mass number, ie., given total number 
of protons and neutrons, there may 
be several stable arrangements of pro- 
tons and neutrons (at most three or 
five) giving several isobars. For a 
given atomic number, i.e., given num- 
ber of protons, conditions can vary 
still more widely so that some of the 
heavy elements have as many as ten 
or twelve stable isotopes. Some two 
hundred and fifty different — stable 
nuclei have been identified, ranging 
in mass number from one to two 
hundred and thirty-eight and in atom- 
ic number from one to ninety-two. 

All the statements we have been 
making are based on experimental 
evidence. The theory of nuclear 
forces. is still incomplete, but it has 
been developed on quantum-me- 
chanical principles sufficiently to ex- 
plain not only the above observations 
but more detailed empirical data on 
artificial radioactivity and on differ- 
ences between nuclei with odd and 
even mass numbers. 
Artificial] Radioactivity 

We mentioned above the emission 
of positrons or electrons by nuclei 
seeking stability. Electron emission 
(beta rays) was already familar in 
the study of naturally radioactive sub- 
stances, but positron emission was not 
found in the case of such substances. 
In fact, the general discussion pre- 
sented above obviously was based. in 
part on information that cannot be 
presented in this report. We-shall, 
however, give a brief account of the 
discovery of “artificial” radioactivity 
and what is now known about it. 

In 1934. Curie and Joliot reported 
that certain light elements (boron, 
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magnesium, aluminum) which had 
been bombarded with alpha _parti- 
cles continued to emit positrons for 
some time after the bombardment 
was stopped. In other words, alpha- 
particle bombardment produced ra- 
dioactive forms of boron, magnesium, 
and aluminum. Curie and Joliot ac- 
tually measured half-lives of 14 min- 
utes, 2.5 minutes, and 3.25 minutes, 
respectively, for the radioactive sub- 
stances formed by the alpha-particle 
bombardment. 


This result stimulated similar ex- 
periments all over the world. In par- 
ticular, E. Fermi reasoned that neu- 
trons, because of their lack of charge, 
should be effective in penetrating 
nuclei, especially those of high atomic 
number which repel protons and 
alpha particles strongly. He was able 
to verify his prediction almost im- 
mediately, finding that the nucleus of 
the bombarded atom captured the 
neutron and that there was thus pro- 
duced an unstable nucleus which then 
achieved stability by emitting an elec- 


tron. Thus, the final, stable nucleus 
was one unit higher in mass number 
and one unit higher in atomic num- 
ber than the initial target nucleus. 

As a result of innumerable experi- 
ments carried out since 1934, radio- 
active isotopes of nearly every ele- 
ment in the periodic table can now 
be produced. Some of them revert to 
stability by the emission of positrons, 
some by the emission of electrons, 
some by a process known as K- 
electron capture which we shall not 
discuss, and a small number (prob- 
ably three) by alpha particle emis- 
sion. Altogether some five hundred 
unstable nuclear species have been 
observed, and in most cases their ato- 
mic numbers and mass numbers have 
been identified. 

Not only do these artificially radio- 
active elements play an important 
role throughout the project with 
which we are concerned, but their fu- 
ture value in medicine, in “tracer” 
chemistry, and in many other fields 
of research can hardly be overesti- 
mated. 


Health Hazards 


> Ir HAD BEEN known for a long time 
that radioactive materials were dang- 
erous. They give off very penetrating 
radiations—gamma_ rays—which are 
much like X-rays in their physiologi- 
cal effects. They also give off beta and 
alpha rays which, although less pene- 
trating, can still be dangerous. The 
amounts of radium used in hospitals 
and in ordinary physical measure- 
ments usually comprise but a few 
milligrams. The amounts of radio- 
active material produced by the fis- 
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sion of uranium in a relatively small 
chain-reacting system may be equiva- 
lent to hundreds or thousands of 
grams of radium. A chain-reacting 
system also gives off intense neutron 
radiation known to be comparable to 
gamma rays as regards health haz- 
ards. Quite apart from its radioactive 
properties, uranium is poisonous 
chemically. Thus, nearly all work in 
this field is hazardous—particularly 
work on chain reactions and the re- 
sulting radioactive products. 
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Nuclear Binding Energies 
Equivalent to Mass Difference 


Energy 


The total mass of a stable nucleus 
is less than the total mass of the sepa- 
rate protons and neutrons it is made 
of. Tiny differences in the second and 
third decimal places are the signifi- 
cant figures of atomic power. The 
Smyth Report goes on to the energy 
ade of the picture. 


> IN DEscrIBING radioactivity and 
atomic structure we have deliberately 
avoided quantitative data and have 
not mentioned any applications of the 
equivalence of mass and energy which 
we announced as the guiding princi- 
ple of this report. The time has now 
come when we must speak of quanti- 
tative details, not merely of general 
principles. 

We have spoken of stable and un- 
stable nuclei made up of assemblages 
of protons and neutrons held to- 
gether by nuclear forces. It is a gen- 
eral principal of physics that work 
must be done on a stable system to 
break it up. Thus, if an assemblage 
of neutrons and protons is stable, en- 
ergy must be supplied to separate its 
constituent particles. If energy and 
mass are really equivalent, then the 
total mass of a stable nucleus should 
be less than the total mass of the 
separate protons and neutrons that go 
to make it up. This mass difference, 
then, should be equivalent to the en- 
ergy required’ to disrupt the nucleus 
completely, which is called the bind- 
ing energy. Remember that we said 
that the masses of all nuclei were “ap- 
proximately” whole numbers. It is 


SepremMBeR 1945 


the small differences from whole 
numbers that are significant. 
Consider the alpha particle as an 
example. It is stable; since its mass 
number is four and its atomic num- 
ber two it consists of two protons and 
two neutrons. The mass of a pro- 
ton is 1.00758 and that of a neutron 
is 1.00893, so that the total mass of 
the separate components of the helium 
nucleus is 
2 X 1.00758 + 2 X 1.00893 = 4.03302 
whereas the mass of the helium nu- 
cleus itself is 4.00280. Neglecting the 
last two decimal places we have 
4.033 ‘and 4.003, a difference of 0.030 
mass units. This, then, represents the 
“binding energy” of the protons and 
neutrons in the helium nucleus. It 
looks small, but recalling Einstein’s 
equation, E = mec, we remember 
that a small amount of mass is equiva- 
lent to a large amount of energy. Ac- 
tually 0.030 mass units is equal to 
45 x 10-5 per nucleus or 
2.7 X 10'® ergs per gram molecule of 
helium. In units more familiar to the 
engineer or chemist, this means that 
to break up the nuclei of all the 
helium atoms in a gram of helium 
would require 1.62 X 10"! gram calo- 
ries or 190,000 kilowatt hours of en- 
ergy. Conversely, if free protons and 
neutrons could be assembled into 
helium nuclei, this energy would be 
released. 


ergs 


Evidently it is worth exploring the 
possibility of getting energy by com- 
bining protons and neutrons or by 
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Atomic Projectiles Cause 
Rearrangement of Nucleus 


Reactions of the Nucleus 


The process of rearrangement with- 
in the atom goes on until a stable 
type of element is reached. The chap- 
ter on mass and energy of the Smyth 
Report summarizes these processes, 
and explains how mass and energy 
nevertheless remain constant. 


Nuclear Bombardment 

> Cockcrort AND Watton produced 
protons of fairly high energy by ioniz- 
ing gaseous hydrogen and then ac- 
celerating the ions in a transformer- 
rectifier high-voltage apparatus. A 
similar procedure can be used to pro- 
duce high-energy deuterons from deu- 
terium or high-energy alpha _parti- 
cles from helium. Higher energies can 
be attained by accelerating the ions 
in cyclotrons or Van de Graaff ma- 
chines. However, to obtain high- 
energy gamma radiation or—most 
important of all—high-energy neu- 
trons, nuclear reactions themselves 
must be used as sources. Radiations 
of sufficiently high energy come from 
certain naturally radioactive materials 
or from certain bombardments. Neu- 
trons are commonly produced by the 
bombardment of certain elements, 
notably beryllium or boron, by natural 
alpha particles, or by bombarding 
suitable targets with protons or deu- 
terons. The most common source of 
neutrons is a mixture of radium and 
beryllium where the alpha particles 
from radium and its decay products 
penetrate the Be® nuclei, which then 
give off neutrons and become stable 
C™ nuclei (ordinary carbon). A fre- 
quently used “beam” source of neu- 
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trons results from accelerated 
terons impinging on “heavy water 
ice. Here the high-speed deuteronj 
strike the target deuterons to produa 
neutrons and He* nuclei. Half 
dozen other reactions are also usd 
involving deuterium, lithium, ber 
lium, 6r boron as targets. Note th 
in all these reactions the total ma 
number and total charge number # 
unchanged. 

To summarize, the agents ¢ 
are found to initiate nuclear reactio 
are—in approximate order of 
portance—neutrons, deuterons, 
tons, alpha particles, gamma rays aw 
rarely, heavier particles. 


Nuclear Bombardment Res 


Most atomic nuclei can be pe 
trated by at least one type of atom 
projectile (or by gamma radiation 
Any such penetration may result 
a nuclear rearrangement in the cou 
of which a fundamental particle 
ejected or radiation is emitted or bol 
The resulting nucleus may be a 
of the naturally available stable s 
cies, or—more likely—it may be 
atom of a different type which 
radioactive, eventually changing 
still a different nucleus. This may 
turn be radioactive and, if so, 
again decay. The process contin 
until all nuclei have changed w 
stable type. There are two resp 
in which these artificially radioact 
substances differ from the natu 
ones: many of them change by ea 
ting positrons (unknown in natu 
radioactivity) and very few of th 
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which 
ging 


mit alpha particles. In every one of 
he cases where accurate measure- 
ments have been made, the equiva- 


Bience of mass and energy has been 


demonstrated and the mass-energy 
total has remained constant. (Some- 


Mtimes it is necessary to invoke neu- 


trinos to 
servation. ) 
Notation 

A complete description of a nu- 
clear reaction should include the na- 
ture, mass and energy of the inci- 
dent particle, also the nature (mass 
number and atomic number), mass 
and energy (usually zero) of the 
target particle, also the nature, mass 
and energy of the ejected particles (or 
radiation), and finally the nature, 
mass and energy of the remainder. 
But all of these are rarely known and 
for many purposes their complete 
specification is unnecessary. A nu- 


preserve mass-energy con- 


clear reaction is frequently described 
by a notation that designates first 
the target by chemical symbol and 
mass number if known, then the pro- 
jectile, then the emitted particle, and 


then the remainder. In this scheme 
the neutron is represented by the 
letter n, the proton by p, the deu- 
teron by d, the alpha particle by a, 
and the gamma ray by ‘y. Thus the 
radium-beryllium neutron reaction can 
be written Be® (a,n)C!* and the deu- 
eron-deuteron reaction H*(d,n)He’. 
Types of Reaction 

Considering the five different parti- 
les (n, p, d, a, y) both as projectiles 
nd emitted products, we might ex- 
pect to find twenty-five combinations 
possible. Actually the deuteron very 
rarely occurs as a product particle, and 
he photon (sic) initiates only two 
ypes of reaction. There are, however, 


a few other types of reaction such as 
(n,2n), (dJH*), and fission, which 
bring the total known types to about 
twenty-five. Perhaps the (n,y) reac- 
tion should be specifically* mentioned 
as it is very important in one process 
which will concern us. It is often 
called “radiative capture” since the 
neutron remains in the nucleus and 
only a gamma ray comes out. 


Probability and Cross Section 
So far nothing has been said about 
the probability of nuclear reactions. 
Actually it varies widely. There is no 
guarantee that a neutron or proton 
headed straight for a nucleus will 
penetrate it at all. It depends on the 
nucleus and on the incident particle. 
In nuclear physics, it is found con- 
venient to express probability of a 
particular event by a “cross section.” 
Statistically, the centers of the atoms 
in a thin foil can be considered as 
points evenly distributed over a plane. 
The center of an atomic projectile 
striking this plane has geometrically 
a definite probability of passing with- 
in a certain distance (r) of one of 
these points. In fact, if there are n 
atomic centers in an area A of the 
plane, this probability is n m r?/A, 
which is simply the ratio of the aggre- 
gate area of circles of radius r drawn 
around the points to the whole area. 
If we think of the atoms as impene- 
trable steel discs and the impinging 
particle as a bullet of negligible di- 
ameter, this ratio is the probability 
that the bullet will strike a steel disc, 
i.e., that the atomic projectile will be 
stopped by the foil. If it is the frac- 
tion of impinging atoms getting 
through the foil which is measured, 
the result. can still be expressed in 
terms of the equivalent stopping cross 
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section of the atoms. This notion can 
be extended to any interaction be- 
tween the impinging particle and the 
atoms in the target. For example, the 
probability that an alpha particle 
striking a beryllium target will pro- 
duce a neutron can be expressed as 
the equivalent cross section of beryl- 
lium for this type of reaction. 

In nuclear physics it is conven- 
tional to consider that the impinging 
particles have negligible diameter. 
The technical definition of cross sec- 
tion for any nuclear process is there- 
fore: 


number of processes occurring 


number of incident particles 


(number of target nuclei per 
cm”) X (nuclear cross section 
in cm*), 


It should be noted that this definition 
is for the cross section per nucleus. 
Cross sections can be computed for 
any sort of process, such as capture, 

Purification 
> Experiments at the National Bu- 
reau of Standards by J. I. Hoffman 
demonstrated that, by the use of an 
ether extraction method, all the im- 
purities are removed by a single ex- 
traction of uranyl nitrate. The use 
of this method removed the great 
bulk of the difficulties in securing 
pure oxide and pure materials for the 
production of the metal. Early in 
May 1942, arrangements were com- 
pleted with the Mallinckrodt Chemi- 
cal Works in St. Louis to put the 
new grade of oxide through an ether 
extraction process on a_ production 
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scattering, production of neutrons, 
etc. In many cases, the number o 
particles emitted or scattered in nu 
clear processes is not measured direct. 
ly; one merely measures the attenuz- 
tion produced in a parallel beam of 
incident particles by the interposition 
of a known thickness of a particular 
material. The cross section obtained 
in this way is called the total cross 
section and is usually denoted by « 


As indicated in a previous para 
graph, the typical nuclear diameter js 
of the order of 10~'* cm. We might 
therefore expect the cross sections for 
nuclear reactions to be of the order of 
rd*/4 or roughly 10~** cm? and this 
is the unit in which they are usuall; 
expressed. Actually the observed cross 
sections vary enormously. Thus for 
slow neutrons absorbed by the (n,y) 
reaction the cross section in some cases 
is as much as 1000 * 10-74 cm’, 
while the cross sections for transmuts- 
tions by gamma-ray absorption are in 
the neighborhood of (1/1000) 


10-** cm*. 
of Uranium 


basis for a further reduction in im 
purity content and to deliver the final 
product as brown dioxide. Deliveries 
started in July 1942 at a rate of 3 
tons a month. This oxide is now 
used as a starting point for all meta 
production, and no higher degree ot 
purity can be expected on a commer: 
cial scale. In fact, it was a remark: 
able achievement to have developed 
and put into production on a scale 
of the order of one ton per day 2 
process for transforming grossly im 
pure commercial oxide to oxide of 3 
degree of purity seldom achieved 
even on a laboratory scale. 
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ise Decisions Necessary 
In Use of Appalling Power 


What of the Future? 


The Smyth Report, “A General Ac- 
ount of the Development of Meth- 
ods of Using Atomic Energy for 
Military Purposes Under the Auspi- 
es of the United States Government 
1940-1945,” closes with a plea to men 
of science to help their fellow citi- 
zens use wisely for the good of the 
human race the power they have un- 
ocked. Otherwise “civilization would 
have the means to commit suicide at 
will,” 
> As THE RESULT of the labors of the 
Manhattan District organization in 
Washington and in Tennessee, of the 
scientific groups at Berkeley, Chicago, 
columbia, Los Alamos, and _ else- 
where, of the industrial groups at 
linton, Hanford, and many other 
places, the end of June 1945 finds us 
xpecting from day to day to hear of 
the explosion of the first atomic bomb 
devised by man. All the problems are 
believed to have been solved at least 
well enough to make a bomb prac- 
ticable. A sustained neutron chain 
reaction resulting from nuclear fis- 
sion has been demonstrated; the con- 
ditions necessary to cause such a re- 
action to occur explosively have been 
established and can be achieved; pro- 
duction plants of several different 
types are in operation, building up a 
stock pile of the explosive material. 
Although we do not know when the 
frst explosion will occur nor how ef- 
fective it will be, announcement of its 
occurrence will precede the publica- 
tion of this report. Even if the first 


attempt is relatively ineffective, there 
is little doubt that later efforts will be 
highly effective: the devastation from 
a single bomb is expected to be com- 
parable to that of a major air raid 
by usual methods. 

A weapon has been developed that 
is potentially destructive beyond the 
wildest nightmares of the imagina- 
tion; a weapon so ideally suited to 
sudden unannounced attack that a 
country’s major cities might be des- 
troyed overnight by an_ ostensibly 
friendly power. This weapon has 
been created not by the devilish in- 
spiration of some warped genius but 
by the arduous labor of thousands of 
normal men and women working for 
the safety of their country. Many of 
the principles that have been used 
were well known to the international 
scientific world in 1940. To develop 
the necessary industrial process from 
these principles has been costly in 
time, effort, and money, but the pro- 
cesses which we selected for serious 
effort have worked and several that 
we have not chosen could probably be 
made to work. We have an initial 
advantage in time, because, so far as 
we know, other countries have not 
been able to carry out parallel de- 
velopments during the war period. 
We also have a general advantage in 
scientific and particularly in indus- 
trial strength, but such an advantage 
can easily be thrown away. 


Before the surrender of Germany 
there was always a chance that Ger- 
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man scientists and engineers might be 
developing atomic bombs which 
would be sufficiently effective to alter 
the course of the war. There was 
therefore no choice but to work on 
them in this country. Initially many 
scientists could and did hope that 
some principle would emerge which 
would prove that atomic bombs were 
inherently impossible. This hope has 
faded gradually; fortunately in the 
same period the magnitude of the ne- 
cessary industrial effort has been dem- 
onstrated so that the fear of German 
success weakened even before the end 
came. By the same token, most-of us 
are certain that the Japanese cannot 
develop and use this weapon effec- 
tively. 

Prognostication 

As to the‘ future, one may guess 
that technical developments will take 
place along two lines. From the mili- 
tary point of view it is reasonably 
certain that there will be improve- 
ments both in the processes of pro- 
ducing fissionable material and in its 
use. It is conceivable that totally dif- 
ferent methods may be discovered for 
converting matter into energy since it 
is to be remembered that the energy 
released in uranium fission corres- 
ponds to the utilization of only about 
one-tenth of one per cent of its mass. 
Should a scheme be devised for con- 
verting to energy even as much as a 
few per cent of the matter of some 
common material, civilization would 
have the means to commit suicide at 
will. 

The possible uses of nuclear en- 
ergy are not all destructive, and the 
second direction in which technical 
development can be expected is along 
the paths of peace. In the fall of 1944 
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General Groves appointed a commit 
tee to look into these possibilities 
well as those of military significance 
This committee (Dr. R. C. Tolman; 
chairman; Rear Admiral E. W. Mill 
(USN) with Captain T. A. Solberg 
(USN) as deputy, Dr. W. K. Lewis 
and Dr. H. D. Smyth) received i 
multitude of suggestions from men 
on the various projects, principallyfl. 
along the lines of use of nuclear en 
ergy for power and the use of radio 
active by-products for scientific, medi, 
cal, and industrial purposes. While 
there was general agreement that a 
great industry might eventually aris, 
comparable, perhaps, with the elec 
tronics industry, there was disagree 
ment as to how rapidly such an ingf 
dustry would grow; the consensus 
was that the growth would be slow 
over a period of many years. At leas 
there is no immediate prospect of run- 
ning cars with nuclear power or light. 
ing houses with radioactive lamps af 
though there is a good probability tha 
nuclear power for special purposs 
could be developed within ten years 
and that plentiful supplies of radio 
active materials can have a profound 
effect on scientific research and _per- 
haps on the treatment of certain dis 
eases in a similar period. 
Planning for the Future 
During the war the effort has beea 
to achieve the maximum military re 
sults. It has been apparent for some 
time that some sort of government 
control and support in’ the field of 
nuclear energy must continue after 
the war. Many of the men associated 
with the project have recognized this 
fact and have come forward with 
various proposals, some of which 
were considered by the Tolman Com 


CHEMISTRY 





ittee, although it was only a tem- 
porary advisory committee reporting 
» General Groves. An interim com- 
ittee at a high level is now engaged 
n formulating plans for a continuing 
prganization. This committee is also 
fiscussing matters of general policy 
bout which many of the more 
houghtful men on the project have 
been deeply concerned since the work 
was begun and especially since suc- 
ess became more and more probable. 
he Questions 


We find ourselves with an ex- 
losive which is far from completely 
mrfected. Yet the future possibili- 
ies of such explosives are appalling, 
bnd their effects on future wars and 
mternational affairs are of funda- 
mental importance. Here is a new 
ool for mankind, a tool of unim- 
ginable destructive power. Its de- 
lopment raises many questions 
hat must be answered in the near 
future. : 

Because of the restrictions of mili- 
ry security there has been no chance 
for the Congress or the people to de- 
bate such questions. They have been 


Briously considered by all concerned 


and vigorously debated among the 
scientists, and the conclusions reached 
have been passed along to the highest 
authorities. These questions are not 
technical questions; they are political 
and social questions, and the answers 
given to them may affect all mankind 
for generations. In thinking about 
them the men on the project have 
been thinking as citizens of the 
United States vitally interested in the 
welfare of the human race. It has 
been their duty and that of the re- 
sponsible high government officials 
who were informed to look beyond 
the limits of the present war and its 
weapons to the ultimate implications 
of these discoveries. This was a heavy 
responsibility. In a free country like 
ours, such questions should be de- 
bated by the people and decisions 
must be’ made by the people through 
their representatives. This is one rea- 
son for the release of this report. It is 
a semi-technical report which it is 
hoped men of science in this country 
can use to help their fellow citizens 
in reaching wise decisions. The peo- 
ple of the country must be informed 
if they are to discharge their responsi- 
bilities wisely. 


On Back Cover 


> Burst of the first atomic bomb at 
Hiroshima billowed smoke 20,000 
feet into the air above the target. 
Photographed by U. S. Army Air 


Forces. 
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A Committee of British Scientists 
Was Studying Atom Fission in 1940 


Britain and the Atomic Bomb 


Statement of the British GovERNMENT. 
British Information Service, 1336 New York Ave., N.W., Washington 5, D.C. 


> As rHe Comittee pointed out, an 
outstanding difficulty of the atomic 
bomb scheme is that the bomb can- 
not be tested on a small scale; it is 
all or nothing. The firmness of the 
Committee’s conviction that it was 
indeed all and not nothing can be 
judged by their daring in putting for- 
ward a project of this magnitude, 
when some most essential parts of 
the scheme were still in the early 
stages. 

A different but important aspect of 
the application of the fission of ura- 
nium was also reviewed by the Com- 
mittee. This was the possibility, men- 
tioned in a previous section of this 
staternent, of finding conditions un- 
der which a mixture of uranium and 
some suitable “slowing-down” me- 
dium might give a neutron chain re- 
action in which the release of energy 
was obtained in a controlled way. This 
work was being carried out at Cam- 
bridge by Drs. Halban and Kowarski. 

These two French physicists had 
been sent by Professor Joliot to Bri- 
tain at the time of the fall of France 
in June 1940. 

They brought with them the 165 
liters of “heavy water”—practically 
the whole world stock of this material 
—which the French Government had 
brought from the Norsk Hydro Com- 
pany just before the invasion of Nor- 
way. Drs. Halban and Kowarski 


were instructed by Professor Joliot to 


54 


make every effort to get in England 
the necessary facilities to enable them 
to carry out, with the co-operation of 
the British Government, and in the 
joint interest of the Allies, a crucial 
experiment which had been planned 
in Paris and for which the “heavy 
water” had been acquired. 

Facilities were provided at the 
Cavendish Laboratory, Cambridge, 
and, by December 1940, they pro 
duced strong evidence that, in a sys 
tem composed of uranium oxide (a 
actually used) or uranium metal with 
“heavy water” as the slowing-down 
medium, a divergent slow neutron 
fission chain reaction would be realiz- 
ed if the system were of sufficient size 

It seemed likely that, if uranium 
metal were used, this critical size 
would involve not more than a few 
tons of “heavy water.” 

The Committee concluded that this 
work had great potential interest for 
power production but that this par 
ticular application was not likely to kx 
developed in time for use in the war. 

It was, however, recognized that 
the slow neutron work had a bearing 
on the military project, for the plu 
tonium which would be produced in 
such a system could be extracted 
chemically and might be capable of 
use in an atomic bomb instead o 
U-235. The difficulties in the way of 
building a slow neutron system seen 
ed to be prohibitive at that time. 
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anada’s National Research Council 
dministers Dominion’s Contribution 


Canada’s Role in Atomic Drama 


tatement of the CANADIAN GOVERNMENT. 


anadian Wartime Information Board, 1205 15th St., 


Canapa has been associated with 
entific development in this field 
ince the time when Rutherford be- 
an his investigations on Radioac- 
ivity in McGill University in 1899. 
nvestigations were, however, con- 
ned to university laboratories until 
he outbreak of war in 1939. From 
hat time, the interests of scientists 
vorking on this subject in Britain, 
he United States, Canada and France 
vere directed to the possibility of a 
ractical application. On the fall of 
France, French scientists working on 
he problem were sent by Professor 
oliot to join the British scientists. In 
ktober, 1940, information on this 
nd other war research was _ inter- 


hanged between Britain, the United 


tates and Canada. Towards the end 
{ 1942, the British proposed that an 
mportant section of the work should 
: carried on in Canada as a joint en- 
erprise. Accordingly a joint labo- 
atory of United Kingdom and Cana- 
lian staff was established in Montreal 
nder the administration of the Na- 
ional Research Council. This labora- 
ory has now grown to a staff of over 
40, by far the largest organization 


ver created in this country to carry 


ut a single research project. 

lant at Petawawa 

As a result of agreements reached 
tween the three partner govern- 
nents, the work of this laboratory was 
losely co-ordinated with the tremen- 
lous research activity in this field in 
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N.W., Washington 5, D.C. 


the United States. Its work led to 
the design of a pilot plant for the 
production of atomic bomb materials, 
now under construction at Petawawa, 
Ontario, by Defense Industries Limit- 
ed, as a part of the combined United 
Kingdom-United States-Canadian pro- 
gram. A branch of the National Re- 
search Council will be established 
there in close association with the 
pilot plant to carry out research on 
the application of atomic energy in 
war and in industry, and on the use 
of its products in research and medi- 
cine. 

The primary material required for 
the operation of this pilot plant and 
for its production of materials for 
atomic bombs is uranium. One of 
the world’s two most important de- 
posits of this substance was discovered 
by Gilbert Labine near Great Bear 
Lake in Canada. To preserve this im- 
portant asset for the people of Canada 
and to protect the supply for the 
United Nations, the Dominion Gov- 
ernment took over the ownership of 
the mines and the extraction plant... 

The plant which is being. built 
near Petawawa to produce materials 
for release of atomic energy will con- 
tain uranium and heavy water. When 
these materials are brought together 
in certain proportions and in sufh- 
cient quantity chains of fissions are 
set up and large quantities of energy 
are released from the uranium in a 
controlled and non-explosive way. 
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The Smyth Report 


> “Noruinc in this report discloses 
necessary military secrets as to the 
manufacture or production of the 
weapon. It does provide a summary 
of generally known scientific facts 
and gives an account of the history 
of the work, and of the role played 
in the development by different sci- 
entific and industrial organizations. 

“The best interests of the United 
States require the utmost cooperation 
by all concerned in keeping secret 
now and for all time in the future all 
scientific and technical information 
not given in this report or other of- 
ficial releases of information by the 
War Department.” 

In these words, reminiscent of the 
blessing and the curse which end the 
Book of Revelation, the War Depart- 
ment speeds forth its announcement 
of how atomic power was tapped. 

In bringing our readers this pre- 
view of the Smyth Report, the editors 
of Cuemistry have been guided by 
memory of their own breathless curi- 
osity on August 10 when they first 
got a copy of the Report into their 
hands. 

HOW does atomic power work? 
WHAT are these new elements? 
WHERE did they get their materi- 
als?’ HOW did they do it? WHAT is 
a nuclear chain reaction? Everything 
else seemed more than a little unreal. 

To answer these questions in this 
issue of the magazine, it was neces- 
sary to change the order of the Re- 
port, which follows the chronological 
development of the project. We have 
dived in and brought up for your 
amazement some of the good stories 
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which will answer those first excite 
questions. There are still a few le 
over, notably the “Chemistry of P 

tonium,” which will have to wait f 
the October and subsequent issue 
We have preferred to document thi 
issue with the President’s message 
which dropped a figurative bomb ¢ 
the whole world, and short extra¢ 
from the official British and Canadi 

reports. 

The text of this issue, it seems pro 
er to emphasize, from page 5 throug 
page 53, is taken verbatim from # 
Smyth Report, in line with the W 
Department’s statement: “Reprodu 
tion in whole or in part is authorized 
and permitted.” 


Introductory paragraphs connecictw 


ing the stories are in the editor’ 
words, and are distinguished by be 
ing printed in italics. Titles and sub 
titles are so far as possible in th 
words of the Report. 

The illustrations in the front 
tion of the magazine and on the bag 
cover are official photographs furnis 
ed by the War Department. Those 
the back of the magazine are fre 
the files of Science Service, and 
lustrate important steps in mafi 
mastery of the atom before 1941. 

Since publishing the Smyth 
port, the Government Printing © 
fice finds itself somewhat embar 
sed at having produced a “best seller. 
Princeton University Press is ai 
bringing out an edition. Until you a 
get a copy of the whole report for yo 
library, Cuemistry is happy to 
ply you with this foretaste of a 
classic of scientific literature. 
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Tuts 1s what you see when studying atom splitting. The traces in the upper 
conneceqpicture were made on the photographic plate by atom particles. The fork in 
editor Me trail shows where an alpha particle hit the nucleus of an atom. Splitting 

anium atoms releases energy which, when put into an oscillograph, makes a 


attern like the one pictured below. 





> Dr. E. O. Lawrence, University of California, holds in the palm of his ha 
the beginnings of the cyclotron. 
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The Cyclotron 


lons speeding around the halves of 
flat cylinder in the cyclotron are ac- 
elerated each time around by an ad- 
fitional impact of several thousand 
olts. They thus attain speeds equal 
» those that would result from some 
ullions of volts pressure. As an ion 
ccelerates its orbit grows larger, un- 
| it reaches the outer edge, where a 
flecting blade diverts it against the 
sired target. Collision at such speed 
buses the breakdown of the atom 
rough disruption of its nucleus. 


> “At Berkevey,” says the Smyth 
Report, “the 37-inch cyclotron was 
dismantled on November 24, 1941 
and its magnet was used to produce 
the magnetic field required in what 
came to ‘Calutron’ (a 
contraction of 
‘California University cyclotron’). An 
ion source consisting of 


called a 
name representing a 


be 


an electron 
beam traversing the vapor of a ura- 
nium salt was set up. Ions were then 
accelerated to the slit through which 
they passed into the separating region 
where the magnetic field bent their 
paths into semicircles terminating at 
the collector slit.” 


Artist’s praAwiNG Of the 4,900 ton cyclotron, developed from the small one 
rst made by Dr. Lawrence, which was in process of building at the Univer- 
ty of California when the blackout of news on atomic phenomena came. 
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> To spEED atom particles in their attack on atom nuclei, electrostatic sparhs a 
10,000,000 volts were generated by this Van de Graaff generator at Massachwv 
setts Institute of Technology, in studies preliminary to atomic power. 
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Scientists of the Carnegie Institution, Washington, D. C., were at work on 
anium fission problems before the war. In this picture, taken in 1939, Dr. 
hard B. Roberts adjusts the tiny chamber where energy from uranium has 
t been released by a 10,000,000 volt atom smasher on the floor above. Dr. 
C. Meyer, left, watches the recording oscillograph on which the atom split- 
g is detected. 





> THE MAss SPECTROGRAPH used for successful isolation of minute amounts o 
U-235 in 1940 is demonstrated by Dr. K. H. Kingdon and Dr. H. C. Pollock 
of General Electric Research Laboratories. 


The Mass Spectrograph 


> IN THE mass spectrograph the gas to 
be studied is bombarded with a stream 
of electrons and so ionized. The elec- 
tric charges so acquired make the gas 
susceptible to electric and magnetic 
fields. By adjustment of these fields 
in the apparatus, it is possible to sort 
out by weight the different ions pres- 
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ent. Since the ions carry unit electric 
charges, the number of ions presen 
is proportional to the electric current 
The ratio of the currents carried by 
the different isotopes of the element 
present, which can be read from sens 
tive electric meters, is thus the ratio 
of the abundance of the different ise 
topes. 
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The Activities of Science Service 


directed toward presenting science in all its aspects to the people 
the world. Through newspapers, radio, magazines, experimental 


sand other media, science is interpreted and diffused. 


Individuals: 


[ENCE NEWS LETTER (weekly) 

arizes the march of science for 
tists and non-scientists alike. This 
usual magazine-style report brings 
the newest informtion on changes 
d progress in all fields of science and 
vention, reporting meetings, summar- 
g journal articles and reviewing 

. $5 a year. 
DVERSEAS SCIENCE NEWS LETTER 
onthly) takes the latest in science to 
fighting men overseas and to scien- 

good neighbors in foreign lands. 
set printed on thin paper in reduced 
, it is sent to U.S. fighters by first 
ss mail for $1.25 per year. 


HINGS of science (monthly) con- 
is of a box or bulky envelope of 
ence exhibits and experimental ma- 
lals. These new or unusual, natural 
fabricated products are accompanied 
complete explanations, suggested 
periments and museum-style legend 
ds for each specimen included in the 
it. $4 per year, 50 cents a unit. 


CHEMISTRY (monthly) presents the 
background and current progress of a 
great and important field of science, in 
attractive pocket-sized format. Illus- 
trated, with entertaining features that 
aid the student. The latest of Science 
Service publications. $2.50 per year. 


For Newspapers: 


NEWS AND FEATURE SERVICES 
that provide daily newspapers and other 
publications with complete, authorita- 
tive and interesting coverage of all 
advances of science. Daily mailings, 
weekly science page, health column, 
star maps, etc., are serviced. 


For Groups: 


SCIENCE CLUBS OF AMERICA. ad- 
ministered by Science Service, brings 
together and provides material for 
over 7500 clubs in secondary schools and 
elsewhere, conducts the annual Science 
Talent Séarch, and stimulates study and 
research by boys and girls as a hobby 
activity. Affiliation is free. 


ENCE SERVICE is the endowed, non-profit institution for the 
larization of science, incorporated and established in 1921. 


National Headquarters: 
1719 N Street, N.W. 
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> AMERICAN newspapers have played a leading role during 


past two decades in informing the world about the progress « 


science in all fields. SCIENCE SERVICE, the institution for th 
popularization of science and the world’s only science syndicat 
has provided the day-by-day reporting and background of scier 
tific advances that have made this possible. Among the nev 
papers that have joined with Science Service in this importa 


public service are: 


Birmingham (Ala.) Post 

Phoenix (Ariz.) Arizona Republic 

Alhambra (Calif.) Post-Advocate 

Berkeley (Calif.) Gazette 

Culver City (Calif.) Star-News 

Pasadena (Calif.) Post 

Redondo (Calif.) Breeze 

Riverside (Calif.) Daily Press 

San Francisco (Calif.) News 

San Pedro (Calif.) News-Pilot 

Denver (Colo.) Rocky Mountain News 

Bridgeport (Conn.) Post 

Hartford (Conn.) Times 

New Haven (Conn.) Register 

Waterbury (Conn.) Sunday Republican 

Washington (D.C.) Daily News 

Miami (Fla.) Herald 

Evansville (Ind.) Press 

Indianapolis (Ind.) Times 

Council Bluffs (Iowa) Nonpareil 

Wichita (Kans.) Eagle 

Covington (Ky.) Post 

Baltimore (Md.) Evening Sun 

Boston (Mass.) Globe 

New Bedford (Mass.) Standard-Times 

Springfield (Mass.) Republican 

Ann Arbor (Mich.) News 

Bay City (Mich.) Times 

Detroit (Mich.) Free-Press 

Flint (Mich.) Journal 

Grand Rapids (Mich.) Press 

Jackson (Mich.) Citizen-Patriot 

Kalamazoo (Mich.) Gazette 

Lansing (Mich.) State-Journal 

Muskegon (Mich.) Chronicle 

Saginaw (Mich.) News 

Rochester (Minn.) Post-Bulletin 

Kansas City (Mo.) Star 

St. Louis (Mo.) Globe-Democrat 

Camden (N.J.) Courier-Post 

Hackensack (N.J.) Bergen Evening 
Record 

Long Branch (N.J.) Daily Record 
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Newark (N. J.) Star-Ledger 

Albuquerque (N. Mex.) Tribune 

Brooklyn (N.Y.) Eagle 

Buffalo (N. Y.) Evening News 

Jamaica (L.1I.) Queen’s Evening News 

New York (N. Y.) Times 

New York (N. Y.) World-Telegram 

Niagara Falls (N. Y.) Gazette 

Rome (N. Y.) Sentinel 

Syracuse (N. Y.) Post-Standard 

Troy (N. Y.) Observer Budget 

Utica (N. Y.) Observer-Dispatch 

Charlotte (N. Car.) News 

Akron (Ohio) Beacon-Journal 

Cincinnati (Ohio) Post 

Cleveland (Ohio) Press 

Columbus (Ohio) Citizen 

Dayton (Ohio) News 

Toledo (Ohio) Blade 

Oklahoma City (Okla.) Oklahoman é 
Times 

Philadelphia (Pa.) Record 

Pittsburgh (Pa.) Press 

York (Pa.) Gazette & Daily 

Wilkes-Barre (Pa.) Sunday Independe 

Providence (R.1.) Sunday Journal 

Anderson (S.C.) Independent 

Chattanooga (Tenn.) Times 

Knoxville (Tenn.) News-Sentinel 

Memphis (Tenn.) Press-Scimitar 

El Paso (Tex.) Herald-Post 

Fort Worth (Tex.) Press 

Houston (Tex.) Press 

Charlottesville (Va.) Progress 

Lynchburg (Va.) Daily Advance 

Norfolk (Va.) Ledger-Dispatch 

Richmond (Va.) Times-Dispatch 

Roanoke (Va.) World News 

Winchester (Va.) Star 

Seattle (Wash.) Times 

Madison (Wisc.) Progressive 

Vancouver (B.C.) Province 

Toronto (Ont.) Telegram 
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THE ATOMIC BOMB made all Chemistry and 
physics texts out-of-date. This September issue 
tf CHEMISTRY gives you the gist of the Smyth 
eport on Atomic Power in the original words. 
ew Laws, new processes, new applications 
ill appear constantly. Hand the coupon be- 


ow to someone who will value the opportunity 
0 subscribe. 


CHEMISTRY can supply quantity orders to serve those 
groups in schools, industries and science organizations 
- which wish to take advantage of the lower cost of group 
subscriptions. Quantity rates are $1.70 a year for each 
subscription, a saving of 25 per cent compared with the 
$2.50 rate for single subscriptions. For periods of less than 
a year, each subscription is 15 cents per month. The rates 


apply only to 10 or more copies ordered sent to the same 
address. 


Here is your chance to assure your friends of places on 
CHEMISTRY’S subscription list for the complete year. They 
will want a copy of this ATOMIC POWER issue, and the ac- 


curate and reliable reports of new developments appearing in 


the coming months. Begin now to keep abreast of these funda- 
mental advances. Twelve months for $2.50*. 


ACT PROMPTLY—to secure your copy of the September 


ATOMIC POWER issue. Mail this coupon together with your 
remittance TODAY. 


To SCIENCE SERVICE, 1719 N St., N.W.. Washington 6, D. C. 








